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I  SUMiMARY 

The main objective of this study was the determination of the areas 

that would have the greatest impact on the development and applications 

of infrared laser technology.  This analysis is a companion to the pre- 

viously published study1  on visible and ultraviolet systems. 

Since infrared laser development has an extensive history and has 

been developed on a national scale, it was anticipated that certain areas 

would merit expansion, but that others would not.  As indicated below. 

and within the body of this report, this expectation was verified.  The 

areas of major concern that deserve an expanded effort are vibratlonal 

energy flow, laser chemistry, and frequency conversion.  On the other 

hand, the areas related to submillimeter waves, electronic-to-vibrational 

energy transfer, and electron excitation of molecules, although important 

seem adequately supported at the current time and are not recommended for 

substantive expansion 

It is clear that infrared laser technology will have a large, and 

in many instances, unanticipated influence on defense issues, industrial 

development, and energy. lt  also appears to m- ^^ ^ , ^^ 

structured effort can very effectively derive maximum advantage, at a 

fractional cost, from the enormous investment that has occurred in this 

field over the last decade.  The utility of additional intelligently di- 

rected investment is high. 

This section was prepared by C. K. Rhodes. 

References are listed at the end of the report. 
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Detailed conclusions and rejummendations pinpointing particular tech- 

nlcal issues are presented in this report.  The specific topics that need 

to be addressed, together with the recommended effort and priority, are 

given in Table 1.  Priority 1 indicates that a substantial expansion is 

warranted, while Priority 2 is assigned if the current level of activity 

is regarded as adequate. 

Table 1 

RECOMMENDED ANNUAL RESEARCH EFFORT AND PRIORITIES 

Technical Area 

Vibrational energy 

transfer processes 

Selective vibrational 

excitation and 

chemical reactions 

Optical pumping and 

nonlinear infrared 

processes 

Far infrared and sub- 

millimeter radiation 

Electronic-to-vibrational 

energy transfer processes 

Electron excitation of 

molecules 

Priority 
Additional 

Personnel 

10 

10 

10 

0-2 

Report 

Section 

III-A 

III-B 

III-C 

III-D 

III-E 

III-F 

The overall conclusions and recommendations of this study concerning 

the development and applications of infrared laser technology can be sum- 

marized as follows: 

ÜMM 
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(1) A properly structured program of about $5 million per 

year directed at key technical areas can dramatically 

expand the utility of the infrared technology that has 

been established over the last ten years.  This repre- 

sents approximately 30 supported professionals, 

estimated at about $3 million per year, with a capital 

budget of about $2 million per year, 

(2) A variety of technical Issues require additional research. 

These have been identified and are listed in Table 1 along 

with an assignment of priority and an estimate of the ad- 

ditional manpower required, 

(3) The time scale for substantive progress is estimated at 

three years.  The length of this period reflects the 

relatively well developed state of this technology. 

ma 
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II  INTRODUCTION* 

In the 1974 JASON Summer Study on High-Energy Visible and Ultraviolet 
1 

Lasers  the technical aspects that are central to the development of 

visible and ultraviolet systems were examined.  On the basis of that study, 

a set of recommendations was formulated that indicated the research direc- 

tions and priorities it is believed will have maximum impact on the de- 

velopment of a visible or ultraviolet system of high power and efficiency. 

On account of the wavelength regime considered, the conclusions of the 

1974 Summer Study naturally concentrated on electronic properties and 

interactions and stressed, for example, the structure of electronically 
t t 

excited molecules,  electronic energy transfer,  and electronic chemi- 
t 

luminescence.  The common theme was the need to gain a more complete 

understanding, both analytically and experimentally, of electronically 

excited manifolds of atomic and molecular species. 

The present study examines the corresponding issues in relation to 

systems that interact in the infrared spectral region, and In that sense 

may be properly regarded as a natural and complementary extension of the 

prior study to longer wavelengths.  Since nuclear motions (vibrational 

and rotational) have characteristic frequencies throughout the infrared 

region, we anticipate that the behavior of the nuclear degrees of freedom 

will dominate this analysis as did the electronic motions in the previous 

This section was prepared by C. K. Rhodes. 
I- 
For the discussions of these areas the reader is referred to Section III-A 
of the 1974 Summer Study.1 

I ^^ 
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report. As high and io\ notes can blend to constitute an harmonious whole, 

these two reports combine to form a unified discussion of the full spectrum 

from ~100 \m  to ~1000 Ä. 

In contrast to this parallel development, however, an important dif- 

ference exists between the visible and infrared spectral regions.  This 

distinction arises mainly from the fact that large and high-average-power 

coherent sources currently exist for the latter, but not the former spec- 

tral range.  Another distinction involves excitation mechanisms; thermal 

pumping is useful in the infrared, but inapplicable in the ultraviolet. 

Table 2 presents the properties of the molecular systems that consti- 

tute the main sources of coherent energy in the infrared region.  To a 

certain extent the situation expressed by Table 2 relaxes the need for the 

further development of independent primary sources of coherent radiation 

in this region.  This fact represents au important flexibility not pre- 

sently available in the visible range.  Consequently, it is now useful to 

inquire about how the properties of this readily available infrared energy 

can be controlled, modulated, or used otherwise.  In this context, for 

example, we would expect that processes enabling efficient frequency con- 

version would acquire considerable Importance. 

Finally, we note an interesting property of the entries to Table 2 

concerning the available wavelengths.  These frequencies are closely matched 

to (1) typical hydrogen vibrational modes (HF'-3 \Ma),   (2) common CO, CN, NO, 

and NN modes (CO ~5 pm), and (3) a wide variety of other fundamentals (e.g., 

C-F) and molecular bending modes that are close to CO at 10.6 gjn.  This 

will facilitate the coupling of this energy to wide classes of molecular 

systems. 

We observe that the development of high-power devices is normally 

associated with increases in the density of the medium as a natural con- 

sequence of coupling to the primary energy source at a greater rate.  Since 

6 
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ueace  the ra.latl. properties of t. MdlM.    A„  im ^    , 

clearly vibrational-vibrational   rv v^ 
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Table 2 

JNFRARED MOLECULAR LASER SYSTEMS 

Property 

Wavelength 

Efficiency 

Energy  density 

Small-signal gain 

Demonstrated 
energy output 

Wavelength con- 
version 

Average power 

CO CO 

10.6 |jm 

~5% - io% 

I 15 J/^ (3 atm) 

0.045 - 0.055 cm 

200 J (i ns) 

Demonstrated at 
low conversion 

High   (flow) 

5  H 

~50% 

HF 

-1 
100 J/i   (loo ton) j 96 j/Z 

~0.10 cm"1 

200 J  (100 us) 

2.7  n   (DF  3.8  |jjn) 

3.3% chemical 
180% electrical 

Very high 

2.3  kJ  (35  ns) 
0.8 kJ  (6  ns) 

Not demonstrated   | Not demonstrated 

High   (flow) | High   (flow) 

aloos I al  StandPOlnt'   ^ —  ****** •*"«• oonclu- 

IZ        ,—"* ™- -  —ca! a. exper^ata! 
«» that are ^e.  to .a. the latest poten.la!  Impact o„ the „clop- 
ment and uses  of  infrarort  i»» ^veiop "x   xnxrarea laser svqtomc       TK-- 

asslBm.e„t o. priorltv al . "-—datlons  include an 

constlt  t an e9,lmate " "» "*-« "»t «ould 
conatltute a  total progra» addressing these Issues 
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Ill     TECHNICAL TOPICS 

A.        Vlbrational  Energy  Transfer Processes  V-V,   V-T,   and  V-R* 

This  section examines  the  relationship of  Infrared  lasers  to 

vibrational-vibrational   (V-V),   vibrational-to-rotational   (V-R),   and 

vibrational-to-translational   (V-T)  energy  transfer  in gases.     Because 

the great  majority of   infrared gas  lasers   (and certainly  those  of 

greatest practical  importance)  operate  on vibrational-rotational   levels, 

knowledge  of  V-V,   V-R,   and V-T rates  is essential  if  one  is  to effec- 

tively model  and understand existing  lasers.     These  rates  are  important 

in both thermally and electrically excited  systems.     Further,  with a 

tabulation of  these  rates,   it would be possible  to predict  the  success 

of  a  new gas  laser candidate,  either an electric discharge  laser   (EDL) 

or a gas dynamical  laser   (GDL),   a  priori.     Conversely,   the development 

of  infrared  laser  technology has  radically  improved the extent  and depth 
2,3 

This of our knowledge  of  vlbratlonal  relaxation processes  in gases 

Imrirovement,   in turn,   has  direct  Importance  in fields  such as gas dynamics, 
4 5 

laser-induced chemical  reactions,     photochemistry,   ard  laser technology. 

1.       Experimental  Techniques 

Prior  to  the  discovery of  the  U-ser,  experimental  investigation 

on vlbratlonal energy  transfer remained  in the  rather  static confines  of 

acoustical   (dispersion)  and  shock-tube measurements.     These  techniques 

were limited in nature and did not provide precise state-to-state energy 

transfer data. 

^Thls  section was prepared by R.  Osgood  and J.  W.   Chamberlain. 
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The  first  major  lmprove„ent|   „,„.  ^^^^  ^   the  ^^^^^ 

"'  th.  lose-,   ... the  technl(lue of  UMr.lllcluc<it| nuoroscence   (Lip)  2 

>n o5Se„ee,   tiU. Mthod rclies on (!„1„g ,„, „^^ ^^^^ ^  ^ 

laser te seleetlvely e.cite varleus v^aUonal-rota.lcal   ievela  in a 

.as.     The  te.pe«! .ehavier ef these states can  then he .„„ttoned  thnongh 

ehaenvatten ot t-ir chanactertstic ^nanec, nneneseence.     It  ,. this 

technioue   that has pe™ittea the latest weaith of vihnat.enai  neiaxa- 

tion data   to be gathered. 

Stimulated Raman scattering   r^Rcn3'6 u catering   (SRS) has been used  as a  tech- 

nl,«. tor stucnn. states that are net connecteC to erou„d via a dipoie 

allowed  intrared transition.     ^ tlm behartor of .„. Raman ^^ 

vihrationai  state is ge„eraily „„nitered by obSorvi„B th. heating of th. 

.as   (as V-T e„ergy transfer oceurs,   via  the phenomenon ot the»ai  iensin,. 

Altho„Bh „a„y variations on and  improvements of the above 

«ethods Have heen deveioped,  a major iimitation of even more .ideSpread 

application has  been  thp   i^^i, «* 
been the  lack of convenient and aufficientlj, high-po^r 

tunabie iaser sonrcea.     For exampie,   the current kno.fed.e of vihrationai 
enerBy „„, la polyatomlc molecules  ^ ^^      ^ ^ ^ ^ ^^ 

that abaorb the 9-m and lO-pm banda of the CO    laaer 3    r„n 
2     aser'       Conversely,   much 

detailed  knowledge  of  the   V-V anH   v T i,- 
V and  V-T kxnetics of the hydrogen halide 

molecules has  been gathered as a  result  of  the  series of hvH 
Lue  series  of hydrogen halide 

lasers  operating  on  v =  i ^  v = 0 2 ^ 
2 ' "       v   ■ i,   and   v = 3 -.  v - 2 

tranaitiona.       Development of high.powr tunable sources ^^ ^^ 

this iimitation and alio. the excitation of an arbiträr, state,   tbua 

extendin, e„ormo„sly the appiicabiUty of the UP and sns technicues. 

More recently,  work on optical and micromave probing of the 

Product states of moiucuiar colliaiou haa been accompfiabed.     Thia ,p. 

Preach boa bee. aucceaaful i„ obaerviug the detaiia of coUiaiona invoiv- 

1«. velocitv changing and rotationai energy tranafer,7'8 aa ..i,  aa   the 

product states of chemicaily „active coilisions.9    in essence,   this 
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technique involves observing the absorption of a laser probe as a function 

of wavelength after the probe has passed through a cell containing the gas 

undergoing the particular collislonal process.  Such a technique obviously 

also requires a tunable laser, although of a different genre than the one 

mentiorcd abov.   Here the emphasis must be on stability and convenient 

tunability; laser power requirements are less stringent than in the case 

of LIF ^nd SRS.  Work on tunable IR sources such as laser diodes, the 

spin-flip Raman lasers, and nonlinear mixing10 has advanced to the point 

where limited experiments can be performed.  However, much development 

must occur before these lasers become widely usable.  In principle, it 

is possible to use visible lasers as probes; however, this avenue of ap- 

proach has not yet been attempted for vibrational energy transfer.  An 

alternative technique for probing the exit channels of vibrational energy 

transfer processes would be the molecular beam.  Such an apparatus has 

the clear advantage of having the capability to measure both the differ- 

ential cross section for the process and the individual product rotational 

states.  These data are typically obscured in LIF experiments by the pre- 

sence of molecular collisions.  As will be discussed later, this capability 

is desirable for a definitive check on theories of molecular energy trans- 

fer.  However, the cross sections of these processes are typically too 

small for obtaining an adequate slgnal-to-noise ratio (SNR) at a signi- 

ficant data rate.  The main exceptions to this statement may be the cross 

section for V-V transfer in HF, DF, and other larger polyatomic molecules. 

Measurements of their HF cross sections in a molecular beam may be feasible. 

2'  Results of Measurements on V-V, y-T, and V-R Rates 

The number of molecules and molecular rates studied by the above 

techniques is, nevertheless, imposing. For the sake of brevity we shall 

discuss only the following examples here:  CO, the hydrogen halides, H , 

and polyatomic molecules in general.  A more complete summary may be 

found in Ref. 3. 

11 



~ m  laser,   measure- 
„f the  importance ef  the hl6h-po«er CO  la8e   , 

Tvlh atle„al-eher8y  ^r have heen exteeelve. 

me„t.  el  the   rates  =1  C     ^ ^   vlb„tlonal.tra„Slatle„,   rotatlen 

Th0 exceptionally  slow ^  ^ ^^ MUI§IOM has been meaaured 

{V-T,R)   time  of  the  CO  (     - riirectly  into rotation 
11 <     not  clear whether this energy goes directly 

by SRS. It   is not  clear w large 

.        1   energy  or  a  combination of both.     In  spite 
or  translational energy for 

m.nts     however,   the   corresponding  V-T,R 
number of measurements. viewpolnt.   such data  are 

^ = 2'   -••20  arR  ^ ^^     Tel -m a  theoretical  view- 

necessary  for ^^Z      1 -  ^ —  ^ ^^ 
point,   the  variation of the       I, 

of  theory  and experiment. 

v.v aata  tor CO are,  co.aratlcel,  apea.ln.  complete.    Meaaere- 

ments of   the  process 

t\  + CO(v = m + 1) + ^ 
c0(v . n, t C0(V . m) - C0(V = n + 1) + COC 

12  . 

(1) 

...u u^+h T.IF   chemilumi- 
.  = 2 - 15 have been made with both LIF, 

where m = 0, and n        - 14 ^ measurements 
13 .nd laser gain experiments.   Such a se 

nescence,  and laser g experiment with theory, and 
^    „««T-tunitv for matching expe^' provides a superh opportunity   ^ ^ ^^ ^ ^^^ ^ ^ ,„, 

„serous attempts have heen made. ^ ^^^ ^ 
*^^ m ^ 0  iust as it is aes^a 

'::::::::::: ::i-:-«. data .00. assist ^ ^u- 

:;r::;:odeiinB and«»—0 ^ *— 
1 r-Plaxation in the hydrogen halideb 

„»nt« of vibrational relaxaxi"" Measurements ol vio 
^ HV laser development—in this case, «y has iikewise been :rri ^r- —- - -tempera- 

development of  ^ ^ ^ ^asurements at higher temperatures 
ture.   via LIE along with shock ^ 

H.ned techniques at  intemediate temperatures, 
and the combined tecnniq diatomic 

hydroeen haUde  systems the most *»***J^ '^^ ^ 3 

mM^ « -s ot  vlhratlonel -^«^    haiide ^ tlw)S.    As 
th« array of measurements of the hyarog 

displays the array 
12 
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for CO,   h„.eVer,   „„ d.fUitl„ exponent« exist   that show whether the 

«jor part ot  the  Whrattonal eMrgy L lo., dIrectly to ^ ^^ 

or tr.n.Z.tlo«!  chaanels.     Tahle 4 glveS a part!.! sU.miT ot   the various 

V-V rates „eaaured tor the hydroge„ halldea.     TOere ate aevera! «asure- 

ments   for processes   Involving   i-ho   fi^c* involving  the  first and second  vibrational   levels 

»ata o„ the V-V rates for HP i„ . = 3 a„d  v = 4,   colUdlo. with HP in 

V 0 have also been oh.aloed;17 however,   the   rapid V-T,K „f „ h., ob. 

-red interpretation.     Thus,  despite slg„ltlcant expert , „tal  aoco»pll.,h- 

-nt.,   hnow^dge of  the dyna^loal hehavlor of the vlbratlona.    levels Is 
far  from complete. 

Table  3 

CROSS SECTIONS OF SELF-DEACTIVArON (V-T,R) OF VARIOUS 

HYDROGEN AND DEUTERIUM HALIDE MOLECULES AT 300oK 

Molecule 

HC1 

DC1 

HBr 

HI 

HF 

DF 

Vibrational State 

of Excited Molecule 

I 

1 

1 

1 

1 

1 

Cross Section for Deactivacion 

(normalized to the gas kinetic 

cross section) 

1.3 X io' 

4.0 X 10 
-5 

1.2 X 10 
-4 

7.0 X   10 
-5 

8.0 X 10 

3.8 X 10* 

-3 

Although energy transfer In ^ „ould appear to be  the .ost lu- 

testing from a theoretlca! point of view.   It has only gently reoelved 

significant experimental attention.    Beoauae Its vlbratlona! „odes are 

.nfrared-lnaet.ve, «, „uat be studied with sns.    This technlcue has not 

13 
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m bee„ adapted  to the lnv..tlg.tio. ot v-v e„ergy transfer,   and the 

«.nitud. of th. vi.r.tio..! „ctaw cross sectlons f„ thia ^^ 

case  et  ^  „.,..„  unlInow„.     ,., data  ^ ^  ^^  ^^ ^^^   ^  ^ 

The  lo^-tenperature „easure»e„ts  Ind^ate . „ctor ef 2.5 difference In 

V-T «»-«j^tton of orthohydr06en .„„ parahydr06en>l8   ^ experlBentai 

.lotion .Uh „then «.pi. hem„„uclear moleoules .. ^ ^   i|icompiete 

ror e.a.pie,   V-T data en b„th », and 02 haVe „een eofmcted o„ly at r„„m  ' 

«e^natnre and for temperatures greater than IOOO'K.     V-V data Have net 
-en M..UI,d for elther aolecule ^ ^ ^^    ^^ ^ 

are a parttenUr^ lmp0rtan. cUss ef mol.oul.. t, r laser appllcatlonS| 

eth as .edta fer energy st„rage   %  and „,, a„d as reaetants  fn cheaical 

"«•   <H2,   F2,   CIa.   and  Br^.     TheI.efore>   .  wel^stabllshed  „,  of  v_v 

and V-T rates for these .oUcuU. 1. neeessar, for aecurate .odeUn, 

calcuutions of suoh  fasera or ohemlea H, Kactlne syate„s. 

Table  4 

RATES (AT 3000K) FOR SEVERAL V-V EXCHANGE PROCESSES 
INVOLVING HYDROGEN HALIDES 

Collision 
Partner A 

Collision 
Partner B 

Energy 
Defect 

Exothermic 
Rate 

(s~ torr"1) 

HF (v = Q) HF (v = 0) 180 5.4 X 105 

HBr (v = 2) HBr (v = 0) 100 1.4 X 105 

HC1 (v = 2) HC1 (v = Q) 100 9.0 X 104 

35 
H Cl (v = 1) 37 

H Cl (v = 0) 2 6.0 X 105 

HC1 (v = 1) HBr (v = 0) 320 3.6 X 104 

HC1 (v = 1) HI (v ^ Q) 650 5.4 X 103 

HC1 (v = i) DC! (v = 1) 800 3.3 X 103 

 1 
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Experimental measurements of vlbrational energy flow in poly- 

atomic molecules illustrate both the successes and the limitations of 

existing experimental techniques.  The overall qualitative picture is 

clear.  Intra- and intermolecular V-V exchange is rapid, with the exact 

magnitude of the rate depending largely on the degree of resonance of 

the collision.  V-T,R rates are much slower because of their generally 

extreme nonresonant nature.  While for many Individual molecules several 

interesting features are reasonably well understood in a qualitative 

sense, a complete study of the vibrational energy transfer rates for 

any one polyatomic molecule does not exist. 

A case in point is the linear trlatomic species, CO .  Because 

of the existence of a well developed C02 laser technology, Including 

stable piecewlse-tunable devices and high-power C02 lasers, a multitude 

of experimental measurements have been made on CO .3 These experiments 
tu 

Include  LIF,   optical  double  resonance,   and  SRS.     One  result  is  that  the 

vibrational energy  transfer rate  of  the  upper  laser  level   (the  asymmetric 

stretch mode)   to other species  is well established.     In fact,   the  corre- 

lation of  this  rate with  the energy defect of  the  transfer and  the   transi- 

tion matrix elements  of  the  transitions  involved have  yielded a  valuable 

set of empirical  selection rules  for vlbrutlonsl energy  transfer.19    On 

the other hand,   although "relaxation of  the  symmetric  stretching and 

bending states of C02   (have)  been exposed  to much light,...the  results 

have been   (largely)  unenllghtening."20    Of course,   some data do exist 

on relaxation of  these modes,   and several  general  semi-quantitative  facts 

are  known.     For example,   one  knows  that   the  first excited state  of  the 

symmetric  stretch mode  lelaxes  rapidly,   probably by equilibration with 

the bending-mode manifold.     But  the detailed structure of the energy flow 

is  unclear.     An interesting practical  manifestation of  this  situation  is 

the  attempt  to numerically model various  forms of C02   lasers.     In perform- 

ing  the modeling of  the  standard 10-nm C02   laser,   the  calculation is 

15 
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,   ,w  of  the  tvpe  of  semi-empirical  facts mentxoned 
process.     Thus,   a  knowledge  of  the  type 

0tov8   t. .uxnci-nt  to »«.in a g„oa «t .i«, XO-^ -so. po^.anoo to 

^ „CO., Wt  i.  i-mct«.  for otHor purpoaes.     ro. o.a^p.o    an a - 

t3mpt ... „ooan, »a.e to pradtet tHe soocoaa of a pa.ttco.a. tave    t 

»Cnt» to. o.tatat. te-^ Xase. „actttattoa „ot^ooa two teveta U    >» 

bendi„6 »oao «aatto. ot CO,."    Ho.evor,  an accu.ate ca.cutattoa c„ . 

*  iflek of  specific details  about the  kinetics of V-V 
not be  done because  of  lack of  specula 

and V-T transfer within and  from that mode. 

The   situation is generally worse  for other polyatomic  species. 

r .rticulars     the complete energy  flow  scheme  is  not known 
Aside  from a  few  particulars,   tne H 

qlantU.tl„lr.     UaaouPteaty,   «* <>< th. rates caa Pe »oasuroa at 

.„U.^ tun.-U   .« tase. toc.noio,, is intonated tnto vi^attonat «- 

laxation experiments. 

3.       Theory 

In .«..l« tha curroat «eoreUcal uaaefstaaaln. of vtbrationa! 

e„ergy „aasfor,   it is appropriate to coasiaer tta ioUo.in, t.re, toci o( 

tHeoretieai e„aeavor:     V-T.B eMrey transfer,   .ar-resonant V-V e„er8y 

transfer and nonresonant energy  transfer. 

The  most widely used theory of V-T .nergy  transfer has been  that 

of  SchwartZ.   Slawsky.   and Her.feld  CSSH).22     U uses  the methC of distort d 

waVes and considers only the  short-ra.e repulsive case as the interact on 

potential.     It  ignores  the  rotational energy  levels of  the  colliding mole- 

"«t.ric  factor"  to account  for the  lack of  spherical cule(s),  and uses a    stenc factor 
4.^!       THP noDularity  of  the  theory may be 

symmetry in the molecular potential.     The popular    y 

,  .     .*. «bilitv  to predict  the experimentally observed   (1/T) attributed to  its ability  to pxeu 
.  »,    . T  is eas kinetic  temperature)  of the probability of 

dependence   (where T  is gas Kinet 

16 
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deactivation per gas kinetic collision.  It is also successful in pre- 

dicting the approximate magnitude of this probability for collisions 

between "inert" molecules such as CO and N , and between these molecules 

and the rare gases.  It is not successful in predicting either of these 

quantities if one or both of the collision partners is a hydrogen halide, 

or if the gas is at a temperature less than about 300oK.  The failure is 

undoubtedly due to the fact that the theory does not take into account 

rotational energy levels and the attractive part of the intramolecular 

potential.  Although several attempts have been made to include the above 

quantities in a revised theory, the results are not satisfactory. 

The SSH theory has also been applied to the problem of resonant 

V-V transfer, where resonant is taken to mean an energy defect of less 

than about 1/10 of the mean translational energy.  Unfortunately, the 

theory does not predict the observed 1/T temperature dependence of such 

23 
transfer processes.  An entirely different approach suggested by Mahan 

and formulated in detail by Sharma and Brau  has been remarkably success- 

ful at predicting both the temperature dependence and the relative magni- 

tude of resonant exchange probabilities.  This theory uses a long-range 

multipolar interaction potential within the framework of the Born or 

distorted-wave Born approximation.  It is therefore analogous to the 

pressure-broadening theories of Anderson and its later refinements. 

Unfortunately, the theory does not appear to be applicable to the case 

of HF-HF vibrational exchange and other collisions involving strong 

intermolecular potentials. 

The problem of nonresonant V-V exchange is unique in that, of 

the three problems mentioned above, It offers the greatest number of 

experimental variables to be matched by theory.  They are:  relative 

magnitude of similar processes between like molecular species (e.g., 

HF-HF, HC1-HC1), temperature dependence of the cross section, and 

17 



variation of  the 

' ",eaSU«d t™ the processes 

^ »^ OOCv. „, , C0( 
n -  1)  + CO(v =  i) 

"^ •■■'<■ «yoo-o)-.«,,„. B    ., 
(2) 

n -   1)   + HF(v »  l; 
(4) 

""' Pr0l'ltles ' variable „nlque  to no 13 —-«.«^ J ss a n:rnt v-v——" 
- '" «P.««.^ data.     ^ SSH

nlSharmi'-B- «»»"" - net al)pear 

-• -—«... that are :;::;■ - -—..... reflne. "«.   - P«-ic.  rates  that  .„  JJ^-   "  "■  —  .U*  ef rel 
»•«»"y. mu„„ and stephensonl6 hnii ^ ■""•" -e- o, nag„ltude. "»-«!„,  Dulon and ste 16 •"  —I erders of magnltude_ 

'"" -". >= a  startine polnt ^--^ « ^™tlVe appr<>ach 

"" =««-.» b„th . multlpolar ™" —»a!  .WUriH 

- —. ls „ade ^^"^J— —« Pete«., 
"-erdering fron the ^^ » ^«.U.«« that eawnates 

— - -a«. nagnltudes of 2ZZ """^ hlB,,-°rder - 
~. .««.„. are determiiie "—™ '-an, mltirot,tiBnl 

- -elre vlbratloaaUy noiires:iian
Tf -;- -e. that £or ^^ 

~ roUU^  transltlona   (wi ^j;1—   -*  «». have „ultl. 
" the V-V —er algnlflcal,tly)   C t7

dUCe the 0~»»1 — ^«, 
-' ■* - „aJor contributioa    ;        - -e. rotatlMal traasuions 
* caIculatlons  (at iea8t ^ ta! cross aeoUon_     ^ re8uit_ lng CaICUla"- <» ^.. to, «rlZlT CrOSS SeCUO"-   »- r— 
—. Bagnitude aiid tiK tenpemu^;o^llsl:ns, '^b- - .*^t(ll ab80lUte —'^ a„d  «. tenI>emu^

01"Sl0n5,  '" b0t"   •• -pertae„ 

« - —a, e.. a.^1   'r:;— — ^eeee 
— po^u... ^ an ^j;-- - - ^ M the 
" -tabasllad fact. '»**  «-«, c.„„et „, „, consldered 
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In summary, of the three areas listed above, only the theory of 

near-resonant V-V energy transfer appears to be reasonably well understood. 

Furthermore, even this treatment seems questionable when dealing with col- 

lisions involving very strong and attractive intermolecular forces.  Since 

a knowledge of all three of the above classes of collisions is important 

in laser engineering and related fields and since many important types of 

collision are not readily accessible to experimental measurement (for 

example, those involving certain excited states), it is important that 

theoretical understanding be sufficient that such rates be calculable. 

4.  Conclusions and Recommendations 

The main conclusions and recommendations of this section are 

as follows: 

(1) V-V and V-T,R rates are important determinants of laser 

performance in either EDL or GDL configuration.  Know- 

ledge of the^e rates would enable a priori selection of 

new systems.  Therefore, tunable laser technology can 

and should be applied to the measurement of vibrational 

transfer rates in a general fashion.  With a few recent 

exceptions, all LIF and SRS measurements have been made 

within the limiting framework of fixed-frequency lasers. 

The use of tunable laser sources will result in a 

greater freedom to exciti or probe any desired molecular 

or vibrational mode.  r.uch a capability would not only 

greatly expand the cacalog of known vibrational relaxa- 

tion rates, but would also undoubtedly lead to a more 

thorough understanding of vibrational energy flow in 

important triatoirlc molecules like CO2 and H2O as well 

as larger systems such as NH3.  The development of 

these sources xs highly capital-intensive. 

(2) Measurements of V-V and V-T rates should be made for 

both collision partners in excited vlbrational states 

(particularly in collisions involving CO and HFJ. 

These data are essential for accurate modeling of 

various forms of electrically and chemically excited 

molecular lasers and are important at hib^ excitation 

densities. Existing theories are not sufficiently 

well tested that values calculated from them can be 

used with confidence. 
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(3) V-V exchange data and the temperature dependence of 

V-T as well as V-V rates should be measured for H2 
and other homonuclear diatomic molecules.  This 

information is useful both from a theoretical point 

of view (H2 in particular) and from the vantage point 

of understanding laser devices that use N2 and H2 as 

energy storage molecules. 

(4) Vibrational transfer data on polyatomic molecules 

are fragmentary.  Continued LIF, SRS, or other forms 

of experiments are necessary. 

(5) Efforts to improve the theories of V-T, R, and non- 

resonant V-V transfer should be supported.  In the 

absence of a complete (omnimolecular) set of experi- 

mental data, theory provides the only means of 

estimating unknown rates.  The above two classes of 

vibrational energy transfer, in particular, are not 

well understood. 

(6) An effort of approximately 10 scientists (supported) 

distributed to cover Items I through 5 above is 

recommended. 

B.  Selective Vibrational Excitation and Chemical Reactions* 

Infrared lasers are producing a large and expanding impact on the 

study of gas-phase reactive systems.  This arises from the possibility 

of preparing chemical reactants, in particular molecular vibrational- 

rotational states, and from the ability to measure precisely the inter- 

mediate and final states of both reactants and products.  This has opened 

up the possibility of enormous growth in fundamental understanding and 

control of the detailed history of state to-state chemical reactions in 

simple as well as complex systems. 

'This section was prepared by C. G. Callan, Jr., M. Ruderman, and C. K. 

Rhodes. 
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Diverse phenomena have oeen observed to contribute to the chemical 

reactivity of molecular systems.  Reactions tutw been driven by (1) 

thermal processes,4 (2) selective vibrational excitation,4 and (3) radia- 

tlvely nonlinear unimolecular processes,25 Aside from the demonstrated 

application to isotope separation, it is not yet obvious where the main 

impact of this broadly applicable technology will be.  Nevertheless, it 

would be surprising if new and presently unexpected possibilities   not 

develop.  The potential from fundamental research in thic area appears 

very great relative to its present cost.  Revolutionary advances appear 

probable. 

In the discussion given below we examine several issues including 

(1) current activity, (2) status of research, (3) possible applications, 

(4) chemical reactions as a source of vibrational excitation, and (5) 

the significance of further fundamental data.  A final subsection pre- 

senting conclusions and recommendations closes this analysis. 

1.  Current Activity 

a.  University Research 

The   Initial enthusiasm la university chemistry departments 

for exploring the chemistry of selectively vibrationally excited molecules 

has been tempered by practical factors involving the limited wavelengths 

of available IR lasers and especially by the very limited accessibility 

of sophisticated laser and modulation devices. University funds are suf- 

ficient for the support of the involved scientists through faculty salaries 

and government grants for research associate::.  The latter are generally 

widely distributed small grants e-$25,00O). However, there are insuffi- 

cient funds for new capital equipment, which has now escalated to $25,000 

to $75,000, a very expensive range in terms of historic expenses for 

chemical research.  Much research time and support is presently used in 
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constructing equipment  that  still do 

equipment.     There exist  f ' ^^ COmmerC±ally available 

-eStigat0rs .ist I "^ a "^ ^^   P— —P- strlbuted among half a dozan unlMr.m..      . 
the widespread ehthaslaam th u ""«"1...     Becaaae of 

—«y if .he „eoe """^ " "-"^  " —ae neoeSSary UW. „„ Bore wldely ^^^^^ 

The evidence ie +*,„ + 

-—u._. L or:::in rcscti0"che— - 
'» laser deveIo«„t do „ot ha '^ '"^ l"«"««l..  involved 

——fo.::::::::::::-to fu"te",ai ~ 
research tool      it i. "OW the """J01, a"d necessary 

'" " "oa «...  see.s rerarkably ua<1.r.upportM_ 

retea.     SoTC.hat iess ' "      ^ ' re"tl<>" «« '— reacUon 

—«-J ::::„::::;::an ^IM"0" OI - - 
- Predoc. a^clea.    As noted ,„ ^ ^ — « -.es In 

Have heen re8trlcted by „,, ^ ^ -"-„ e.perfmen.a 

" U««.   so .ha. no Beneral program o "' " '^"^ 

-ndl„gly ^ n„ders.a„dl„g h      :   fJPl0rat10" ^ * * — B B»* yet  been possible.       A^ 
frequency conversion and  th« Advances  m uu ana  the eenera + inta  „* ^ 
"■■oughod.  the  ,„, ,1"able oohere"t energy 

the  infrared «m natdrally have .    . 

.ener.1  capahutty  (for these aspects th ^"^ " ^ 
n.-C). PeCta "" read- »• refold  to Section 

Experiments in the gas phase generaUv 

-onspeclflc =-rgy transfer hy v-v and V I ™°™""> «« 

-citation energy into a Urge numh        J     "  ""^ ^ """^ '^ 
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it  difficult  to differentiate between the effect  of  selective  vibrational 

excitation on reaction rates and general  local heating of all degrees of 

freedom.     Experiments  reporting  chemical  reactions with selected  vibra- 

ticnally excited molecules  include  the  following;3,4 

BR  +  HC1(V =  2)   -> HBr +  Cl (5) 

K +  HC1(V =  1)   - KC1  + H (6) 

TU 26,27 
The rates of Processes   (5)  and   (6)  were  increased by factors of 

2 11 
10 and  10     ,   respectively,   over  the  rate associated with vibrational 

ground  state HCl(v = o).     The  latter process was useful  in separating 

the chlorine  isotopes      Cl  and      Cl.     Both of these experiments were 

possible because  the  reactant HC1  Is  one  of  the currently available 

infrared sources.     Indeed,   in the molecular-beam-experiment26 examining 

process   (5),   it was  necessary  to have  the  laser radiation match  the 

v = 0 -  v = 1  transition frequency  to within 50 MHz. 

Excitation of higher bending modes of 0    in the process28'29 

a 

0    + NO -* NO    +0 
3 2 2 (7) 

by C02 9.6-un radiation increased the reaction rate by a factor of about 

20, but vlbrational excitation of NO did not exhibit a corresponding 

influence.  This is interesting, since the NO vibrational quantum is 

approximately twice that of the quantum used to excite the 0 mode.  This 

behavior indicates the role of some subtle aspect of the reaction surface 

that is not determined solely by total internal energy content. 

Excitation of the 03 vibration in the reaction
30 

O + SO -> S0o + 0 o 2    2 (8) 
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produced a react 1 
on rate increased by a factor of 

in addition, the rate for the process31 
approximately three. 

0 + 8C1(V- 1) ^ OH + Cl 

2, 7 ground"state HC1<v ■o> —• **- *—1O„S of ln. ™ r t; ratas arlslng trom vibrattonaiiy excited 

(9) 

HF(V =3)   +  D    - DF +  HD 

NF    -* NF     + \v 24       ««g  ♦ NF2 

N2F4 "'" H2  " Explosion 

SF
6  + H2 - Expl osion 

BC13 - Various products 

BC13  + H2S " Solid   ^BS) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

"n.uy m note that nultlpIe ^^^ ^^^ ^^ 

oorted  ,n -1US""'leS-S »Mt"«»,  have been  re- Ported   ia  several   laotol)lcally  sclective ^„^^     35,36,37 

-— -v-..-o.. *estlmteofthlstypeo!2z~ 
1 V °tly COmblne  COlliSl<)Ml a"d — —  »elds a" alSO '*' e:,''e<:ted «» Pl«y an latent  role.38 

Selective vlbrational excitation baa currentlv b.      a 

«» incaae cbe^lcal faction ratea    often In      d ^»"-"ed 
»tea,   often m a dramatic faahlon.     m many 
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cases It is much more effective than a similar increase in relative 

translational energy between reactants, but no general conclusion or 

understanding is yet possible even for the relatively simple ystems 

so far studied.  Effects from excitation and containment of energy in 

a single mode of more complicated polyatomics has not been explored at 

all.  Even the transfer of energy between internal modes of polyatomics 

has been examined in fewer than a half a dozen cases.  A substantial 

amount of intelligent experimental work will have to be done before 

theoretical understanding and predictability of the effect of vibrational 

excitation on chemistry is achieved.  This appears to be one of the main 

dividends to be expected in the near term from continued research. 

3.  Possible Applications of Selective Vibrational Excitation 

There is a known and demonstrated capability for isotope separa- 

tion in certain reactions that may be very significant in processes for 

the separation of deuterium and uranium isotopes.  But the present market 

for other isotopes in the U.S. is only $5 X 10 /yr. There may, however, 

be new demands for certain isotopes if vibrationally selected reactants 

can give a cheap source.  Suggestions include: 

(1) Cheap abundant metal isotopes for diffusion studies 

that could have an important beneficial effect on 

the direction of metallurgical studies. 

(2) Agricultural experiments using cheap bulk fixed 

nitrogen isotopes and other isotopes in which plants 

can be grown. 

(3) Separation of rare earths Ot   and Hf, which may be 

competitive with other techniques. 

(4)  Materials processing and polymerization. 

4.  Chemical Reactions as a Source of Vibrational Excitation 

The converse of the proposition that chemical reaction rates 

can be dramatically increased by vibrationally exciting the reactants is 
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~« ^ vlbratlonal        ™1C »"»on. M11 

HF, DP, and 
1"«..  Thls ls 

ha- « .i-PL p^ 

■*•"«•> lasers  TH ""»bllshed fact fo 

^actions nanism of the HF 

2       «r     + F 

2       ^^    + H 

and produces HP 
"•■ HF molecule 

ral  inversion is  thQ 
exclted vibration*T 

. ■ls   then usari J. "«--lonai sta+o^ Av =  i   ,„., usea  to  feerf   , acates.     Thi 
1  Vlbrational   + laser actln« 

M1'«-U„ns.     P„ss11)le co ch   ^ 0" - « ^e 

(16) 

(17) 

or 
CS2  ^ OCS + s _ co% + g 

2 

CS + o    -»ore 
2       ^ ^ 0 . Co +  s + o 

A similar n*.„ 
Process has been » 

X + AB -. XA* + B 

p \ u"1 and AB io 
2)-    ^ chemical  iaser u 

SOrae *•**. oxidi2er  (e 

^served bv R 
g Na + No0 in th« g-'  02  a" G by Benson and Bariro       40    2 the P^sence of  ■„ ,,       2 

from NO. Ba^eron      to -0 has been 
2 lV-8 im coherent r. ^^ 

ent radiat?on 

6 ^ lnfrared iaser 
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action, although it is not clear that the population inversion occurs by 

the simple direct path shown above. 

In the above examples two problems occur.  First, it is not 

trivial to produce the atomic reactant, X.  Second, the vibraUonal in- 

version can be rapidly destroyed by collisions, probably lifting appli- 

cations to the gas phase.  This problem is of course common to all lnfrared 

lasers.  As to the first problem, there is no apparent need to limit one's 

attention to metal and diatomic reactions.  An, exothermic rearrangement 

collision, such as 

AB + CD - AC* + BD* 

would appear to be a good candidate for this type of laser, although no 

specific realizations of such a system exist. 

It is perhaps surprising that more such potential laser systems 

are not Rnown.  To evaluate the potential of a particular reaction, one 

needs either to measure or compute the state-to-state reaction cross 

sections.,  Presumably, the new lines of chemical research discussed 

elsewhere in this report will lead  to an accumulation of experlmental 

information on this subject that will permit .ore  fruitful speculation. 

''  ^g-nif^ance of Further Understanding of ggMjjtry of 
Vlbrationally Excited Molecules        " '  

The ultimate consequences of a deeper understanding of the 

mechanisms of chemical reactions are unpredictable, although certainly 

extensive.  Serendipity rather than foresight might, as usual, be crucial 

in many cases.  Vibrationally excited reactants affect reaction rates and 

the distribution of product channel=  M 
proauct channels.  Moreover, excited products are 

often the intermediates for further reactions even when they do not pro- 

duce directly observable consequences, as in IR lasers. Nevertheless, 

we list below some expected or conceived applications: 
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(1)  Upper-atmosphere chemistry.  m this application 

Initial reactants and product molecules that 

react further are usually vibrationally excited. 

For example, the crucial exothermic reaction 

0 + N2 - N + N0+ has a low activation energy 

and is very sensitive42 to the vibrational 
excitation state of N2. 

Rocket engines.  Creation of low-temperatu re 

high-velocity beams.  Here the flow of energy 

in combustion reactions, into and out of 

vibrational states, and ultimately into 

directed translational energy, needs to be 
understood in detail. 

New chemical products.  For this application 

it would be necessary to use vibrational state 

selection to help make expensive pharmaceutical 

type molecules by a less costly process.  These 

are v.;ry complicated molecules and at present 

there is no basic understanding of ways of 
accomplishing this. 

Fine tuning or control of chemical processes. 

This is certainly an intriguing prospect, but 

there are no important concrete proposals. 

(3) 

(4) 

6'  Conclusions and Recommendations 

The main conclusions and recommendations pertaining to this 

section are as follows: 

(1) Control of reaction pathways  through laser 
excitation of molecular vibrations  is an 
area rich both in fundamental  Issues of 
reaction mexhanisms and in future applica- 
tions.     Revolutionary results  in this field 
are probable.     The data currently available, 
although raw and empirical,   are  sufficient 
to establish the  importance and promise of 
this field.43    it  is clear that  further work 
of both an experimental and theoretical nature 
is justified and necessary to explore the full 
potential of the  field. 
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(2)  Specific data on state-to-state reactive 

amplitudes of vibrationally excited poly- 

atomics are, with minor exceptions, non- 

existent.  No case of highly excited 

vibrational modes is known, although we 

anticipate that these highly excited 

vibx-ational manifolds will dominato the 

rerictive dynamics of a large class of 

l&ser-driven chemical processes including 

t'hose of an isotopically selective charac- 

ter.  Endothermic reactions fall naturally 
into this group. 

(3) For maximim impact, future studies should 

emphasize the mechanisms of reactive 

amplitudes and their relation to reactant 

and product vibrational energy.  An impor- 

tant aspect of the analysis of these 

mechanisms is an understanding of how the 

order of the laser field can be translated 

into ordered reactions, and hence, ordered 

product systems.  For this, all the degrees 

of freedom (amplitude, polarization, fre- 

quency, and spatial coherence) of the vector 

field should be utilized. 

(4) Mechanisms of nonlinear radiative coupling 

need emphasis.  For this, detailed spectro- 

scopic measurements are needed, with special 

attention accorded to perturbed spectra 

because they provide additional pathways 

for radiative coupling, particularly for 

states highly excited vibrationally and/or 

rotationally. Combined collisional and 

radiative coupling38 will also be important. 

(5) An effort of approximately 10 scientists 

(supported) distributed to cover Items 1 

through 4 above is recommended. 
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C.  Optical Pumping and Nonlinear Infrared Processes in Gases 

There are a number of well developed Infrared gas lasers, most 

notably C02, CO, HF, and DF.  Applications, particularly to photochemistry, 

often require infrared radiation of a precise wavelength, not available 

from one of these well developed lasers.  The question naturally arises, 

therefore, whether there are techniques that can efficiently shift the 

wavelength of an infrared gas laser. 

The field of nonlinear optics in crystals has been long investigated, 

and the techniques of harmonic generation, difference-frequency generation, 

and parametric oscillation are understood and available.  Further develop- 

ment of nonlinear crystals is desirable, particularly for shorter wave- 

lengths. However, these means of frequency conversion are often limited 

by the power-handling (average and peak) capability of available crystals 

with appropriate optical characteristics.  Spin-flip Raman lasers, which 

require a high degree of technical sophistication, are available that 

produce watts of CW power in the 5-to-6.5-(jjn region.  Semiconductor diode 

lasers, which are only recently becoming commercially available in quantity, 

are capable of producing tens of milliwatts CW in the 4-to-25-(im region. 

The diodes have been proven to be excellent for high-resolution spectros- 

copy, although their high cost (about $3500) coupled with a somewhat limited 

tuning range and availability has tended to restrict the number of ■••'orkers 

using these lasers.  There is no question that solid-state devices will 

play an important role in infrared spectroscopy and, as such, they deserve 

to be encouraged; however, further discussion of these devices is boyond 

the scope of the present study. 

This section was prepared by P. L. Kelley, H. R. Schlossberg, and 
C. K. Rhodes. 
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This  section deals with several promising techniques involving 

molecular gases that have been demonstrated or analytically shown feasible. 

The techniques include optically pumped molecular lasers, with or without 

vibrational energy transfer, or near-resonant nonlinear optical processes 

such as stimulated Ra«an scattering, or four-photon parametric processes. 

l*       Optically Pumped Infrared Lasers 

An optically pumped infrared laser uses an external laser to 

selectively populate (pump) a vibrational state in a molecular gas.  The 

laser o^rates between the pumped state and a lower vibrational state 

connects by a nonvanishing transition moment that need not be allowed 

in the ^rmonic approximation. The  upper vibrational state can be pumped 

direct1; by the external laser or by means of a selective vibrational 

ener,'- transfer with another molecule directly pumped by the external 

laser.  The direct pumping can be by means of single or multiple photon 

absorption, or other nonlinear processes such as stimulated Raman scatter- 

Ing. 

a.       One-Photon Pumping 

The first demonstration of an optically pumped vlbrational 

laser was by Chang  and Wood44 in  1972.     They  selectively pumped 00°!  state 

of C02  by means  of  its  strong absorption at  4.3  m.     The  4.3-^ radiation 

was from an external HBr laser.    The C02 oscillated on the familiar 

00ol-10o0 transition at  10.6 jjjn. 

More recently,   Schlossberg and Fetterman45 used the 9 5-^ 

output from a C02  laser to pump the   v = 2  level of the vendlng (    j ^ 

in DCS via a direct overtone absorption.    Oscillation took place Lween 

v = 2 and  v = 1 of the bending mode at 19 ^     This work was  important 

because it was the  first demonstration of oscillation by optical pumping 
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with operation on a vibrational transition not previouaiy observed in a 

discharge, and because it showed that pumping and subsequent oscillation 

could take place more rapidly than deleterious relaxation effects.  There- 

fore, the OCS work shows the potential generality of optical pumping as 

a means for generating new wavelengths from existing lasers. 

Theoretical aspects of direct optical pumping have been 
46 

considered by Golger and Letokhov.   In a case where the rotational 

relaxation time is much less than the pump-laser pulse time, which is 

correspondingly much less than the vibrational (V-V) relaxation time 

(a case easily achieved with addition of rare gas), Golger and Letokhov 

shov. that saturation of the pumped vibrational level is achieved if the 

pump energy density E satisfies 

flU) 

E » - 
P   CT , (f / + f g //g ) 

rr  r '   r r  r 

(22) 

where hm    is the pump photon energy; 0    ,   is the cross section for the 
P rr 

pump transition, with r and r    the rotational level of the lower and upper 

vibrational states respectively; and f and t,   are the fractional popula- 

tion of their respective vibrational states associated with r and r and 

g and i , ,  which are the degeneracies of the r and r states.  If satura- 
r     r 

tlon is reached, then the population, Nu, in the upper level is 

N 
u 

I + 
gr f t r 
gr' 

f 
■ r 

(23) 

with N the total number of molecules originally in both vibrat^nal states 

(i.e.,   very nearly in the ground state).     Since g   ~ g^   and f, ** f^ , 
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«pproxi^y half  the Brou„a-s.ate «cleculea ea„ „a axcitad.     To eati-ate 

Condition  (22),  conaldar a 10-,» PU.-.P Uaer,  and note  that fr<V Z" V" 

.„ere o    la tha Unoar-abaorptlon coefficient for the tranaltlon r - r . 

F„r a typical tranaltlon In a poly.to.lc «otecnle, o, - 0.01/cn, torn, 

»hich Blvea E    » 30 »J/c«2,   a very nominal valne.     Thua,   It  la relatively 

e.ay  to pn.p half of the ground-atate molecnles to an upper vlbratlonal 

atate.    »hether thla  la anfficlent for oactllatlon dependa on the atrength 

of the dlpo.e «atrlK .1—r.t  ;     a  lo.er vlbratlonal  level.     In »any caaea 

the dlpde «e^ent bet-eon vlbratlonal  atatea not conpred In the harnonlc 

oaciuator approximation la on the order of 0.01 D,   for which oaclllatlon 

ahouid be poaalbla.     It Is partlcmarly advantageona If the pn«ped level 

haa a Fermi reaonance ,1th a vlbratlonal love! that Is connected to the 

lower level of mtereat by a dlpole moment In harmonic approximation. 

If the dlpole moment Is known,   the gain can be calcnlated, 

and the nece-sary length * for oscillation ascertained,     ^e absorption 

of  pump energy density  Is given by 

dE 
—B = N ho) 
dz up 

or 

E (o) - E a) = *jwj     . 
p p up 

(24) 

Condition  (22)  on E   (*)   and Eq.   (24)   then determine  the  necessary  input 
IT 

energy E  (o). 

The above argument shows th.t it is extremely advantageous 

to have available integrated absorption data on hot bands of molecules of 

interest, from which dipole moment matrix elements can be calculated. 

There are few data of this nature available today. 
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b.  Optical Pumping with Energy Transfer 

An alternative to oscillation directly from an optically 

pumped vibrational state is to arrange for energy transfer to other vi- 

brational states of the same molecule or another molecule.  This vibra- 

tional energy transfer can result in population inversion if it is 

sufficiently selective.  Alternatively, a vibrational equilibrium can 

be established at an effective temperature sufficiently higher than the 

rotational/translational temperature so that laser oscillation can occur 

between vibrational states on P transitions.  An interesting possibility 

is the generation of wavelengths shorter than ehe pump wavelength by 

oscillation from a state higher than the pumped one.  In this case energy 

transfer collisions in effect convert several input photons into one out- 

put photon.  The importance of an understanding of vibrational energy 

transfer in making such lasers is obvious.  This is discussed in Section 

III-A. 

An optically pumped laser based on energy transfer was 
47 

first demonstrated by Chang and  Wood.   An HBr laser pumped CO to the 

00 1 state, which transferred to the 00°1 state of N 0, which then 

oscillated to the 10o0 state.  Several other cases have been demonstrated 
48 

by Deutsch and Kildal  using a doubled CO laser output as the pump. 

Oscillation has been obtained by this method in CO , OCS, CS , and N 0 
4 2      2 

by collisional energy transfer from optically pumped CO. 

c.  Two-Photon Pumping 

Recently several efforts have shown the potential of two- 

photon optical pumping techniques.  A general analysis by Kelley, Kildal 
49 '      ' 

and Schlossberg  showed that near-intermediate resonant two-photon 

absorption of oppositely traveling beams can efficiently populate excited 

vibrational states.  Experimental work by Bischel, Kelly, and Rhodes50 on 
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CH F confirms this fi iding.  In unpublished work, Fetterman has generated 

16-^m laser radiation by optical pumping SF with .1 CO laser.  The most 
6 2 

reasonable explanation for the observed characteristics of this system 

involves two-photon pumping of the SF molecules.  A schematic of this 

process is shown in Figure 1.  Here o 0) , u) , , and oi •- are vibration- 
V   v        v 

rotation frequencies,   UD    and m      are  the  pumping  frequencies,   and u.' is 
Li I * 

the  output  laser frequency. 

t 
CO 

 r.,   

•  —     

WL 

«v 

V 

OJ 

FIGURE 1      ENERGY-LEVEL DIAGRAM ILLUSTRATING TWO-PHOTON 
OPTICAL PUMPING.    The symbols 0, wv, «„', and uv» 
designate the vlbratiopal-rotationai frequencies of the molecular 
syrtem while CJL and WL are the excitation frequencies and 
a) is the output laser 1 equency. 
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^  *0rk ot  K"ley et  al   49    . 
t">" •• »o.  feaSIble for infra •1-       «■"««  «...  t„0-photon ab 

"«««te  Ieve,  „.... PUm', ■"«'tons „,1... P 

noarIy  reso„ant  w there   1. a„  .„^^ 
;°  ~  pu.p photo„S|   ^   i -   -   t.0 pump  ^^^^^ 

"" -"-^ ""P'«.     The   „oeaaea       b ^ n0t  ""—   ^  " 

given approximately by 

a 
NL 

where E  is  the el0otpj 

i','"t"-" '■ -e .n^riurr r™"conparabie f" *- - 
- -o.0,e„eous Hne.^,,.,^ J™";  Y "" ^ •- '^ ■»««««,. 
Efficient of a   . 

resPectlvely;  o  ls  th 

^ a   transition to the  int. r absorPtlon 

-—••   - «. U  .e ^^    ;-"- "- -_ at e,aet 

^-v..«- ^um pump po::7' -—PU^, ., shoula 

— —eTCPt.    Porp.006tb
VeCOnSlde""»-eadtoanlnput 

have eSf-iB.  * ^      u.06 Debye and öuj/o^       ,„ 
""•W the «nlmum power «^ • 10 GH.,   Keue, „ ^ « 

—■ -.««* e„9ure that;; -"'« » »■ U .. stlll. M 

— f aeMe. ttu ^ pump „J""^" ««.' « «lWBiH are : T :^ Äa tte Pump rr^rr:if the de5ired— W1-il  have  to hQ „ •W"»   the  beam nt  +1, 
^ """""^ -  that   the  ,<,_ h """  ^ P^P «velengtha 

above—«—. e„oUell to:;has an •— —. B^, 

(25) 

* 

^ClT™ y^on,   the  two input freQU f^uencies could>  of ^^ 
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managed.     The  use  of  a  waveguide  for confinement  could aid greatly.     Two- 

photon absorption pumping  offers  the possibility of  using  a   single  pump 

laser to generate  shorter-wavelength output. 

We  now estimate   the  gain  for a  down-conversion process   to 

16   um  for   two cases,   C^F  and NH^   pumped by  two-photon  absorption of  C02 

radiation.     The   transitions50,51  of   interest  are   illustrated  in Figures 

2  and 3.     For  this calculation,  we assume  a working pressure  of ~  10  torr 

and do not  require  cancellation of  the Doppler effect  in the  pumping 

process.     Calculating  the  vibrational  and  rotational  partition functions 

for CH F and NH  ,   we  conclude  that  the  ground-state population in  the 

J  = 2     K =  1   rotational   level   of CH F   is  2 X   IQ1     cm"    while  the  corre- 
'' 14       -3 

spending  value  for the  J  =  5,   K =  4  state  of NHg   is ~ 4.8  X  10       cm     . 

If we  saturate  the  two-photon transition,  we can expect  to put  one-fourth 

of  the CH F molecules and one-tenth of  the NH    molecules  into  the  upper 
3 a 

laser  Ijvex.     A  lower fractional  population  is assumed  for NH3 on account 

of  the  need  for collisional  inversion relaxation   (2    - 2  )   in  order  to 

populate  the  desired upper 2+  state.     Both of  these  systems have  transitions 

in  the  16-m range;   these  are  the 2^ -  ^ and 2+ - l"  transitions  for 

12CH F and  14NH   ,   respectively.     Hence,   the  population differences £»  for 

the CH F and NH    cases  are  3  X  1013 cm"3  and 4.8 X  1013 cm'3,   respectively. 
3 *J 

The  gain coefficient g  for  the  16-um  transition  is 

2 
\  AN 
2 

Sir yci 
(26) 

where T     is  the  radiative  lifetime  of  the  lt-y« transition.     The broadening 

parameters52'53 are nearly  identical  for the  two cases  and give  a  linewidth 

V - 7  X  10"4 cnTVtorr - 7 X  10"3 cm"1.     If  the  lifetimes for the  relevant 

transitions of CH F were one  second,  estimated for the  forbidden transition, 
9 
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and    ~ 10 ms,  estimated  for  the  allowed  transition,   then  the  gain coeffi- 

cients are 

gCH F~ 0'004  (m 

3 

-1 

and 

gNH    ^ 0.1  cm"1 

Both wonld be adequate for demonstrating stimulated emission at 16 w 

the difference in the numerical results reflects the difference in the 

strengths  of  the allowed and forbidden  transitions. 

6 =« 139 MHi 

i 
T 

P30 (9 Aim) 

I 
A:* 7315 MHz 

P14 (9 /im) 

(2, 3, 1) 

(1, 2, 1) 

<0, 1, 1) 

(I',, J, K) 

FIGURE 2      TWO-PHOTON TRANSITION IN THE v3 BAND OF ^C^F. 
The combination band (not shown) 2*'3 -► i^ falls in the 
16-Aim region. 
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6 ^ 294 MHz 

T      (5, 4) 

P18 (10 jUm) 

A =* 5250 MHz 
"}      (5. 4) 

T 
P34 (10 Mm) 

i—~35 cm 

r 

(5.4) 

i-~0.8 cm" 

(J, K) r 
FIGURE 3      TWO-PHOTON TRANSITION IN THE m BAND OF  14NH3. 

The fully allowed 2+ "♦ 1" transitions fall in the 16-Mm region. 

2.       Efficient Nonlinear  Infrared Processes  In Molecular Gases 

Nonlinear optical processes  in atomic  vapors have  been developed 

for shifting visible  laser  radiation  toward the ultraviolet  as well as  to 

54  55 
the  near  infrared.     These processes  include  third-harmonic generation,     ' 

56 56 
four-wave  mixing,       and  stimulated Raman scattering. They can be made 

more efficient by  taking  advantage of  intermediate-state  resonances  to 

enhance  the  nonlinear  susceptibility.     Another nonlinear process,   hyper- 
47 

Raman scattering,   has also been observed  in spontaneous emission,       but 
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has not been made efficient by taking advantage of resonance.  Generally, 

resonances involving one-photon transitions from the ground state are 

undesirable because of effects associated with single-photon absorption 

such as gas heating with concomitant destruction of phase matching, 

these processes are summarized in Table 5. 

Table 5 

SUMMARY OF NONLINEAR OPTICAL PROCESSES 

Process 
Possible 
Resonance 

Phase 
Matching 

Comments 

Stimulated Raman 1-photon Not  required Inelastic.     Forward  scatter 
to  reduce  Loppler broadening. 

Hyper-Raman 
(1)   =   U)     ±0)      -  U) 

L         L         v 

1- and 
2-photon 

Not   required Inelastic.     Can partially 
cancel Doppler.     Two-photon 
resonance does  not  suffer 
from power broadening. 

Third-order frequency 
conversion 

U)   =   UJ      ±   UJ      (±)   (1) 
L         L             L 

1-, 2-, and 
3-photon 

Required Elastic.     U)L = ^L = ^L and 

+  signs give  third-harmonic 
generation.     Two- and  three- 
photon resonance does not 
suffer from power broadening. 

Inelastic  four-wave 
mixing 

UJL - ID = u)v = u^ - UI'L 

1-photon Required ui^ can be a  third driving 
laser frequency  or be  stimu- 
lated Raman output.     Excita- 
tion of medium can occur  in 
visible,  which then scatters 
infrared. 
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In  this  section we consider the  applicability of  these effects 

to the   infrared,   and also discuss other possibilities  such as  inelastic 

four-wave  mixing.     In  the  infrared  the   resonances generally  involve   the 

change  of  vibratlonal  states  and thus  suffer from small-dipole matrix 

elements.     Furthermore,   for a given  amount of  nonlinear polarization, 

build-up  lengths  scale  as  the wavelength or wavelength  squared.     On the 

other hand,   radiation sources in the  infrared are  available  that  are  very 

efficient and have  high powers.     In Table  5 we  list  the  processes con- 

sidered,   in the  order of  the number of photons  involved.     We  restrict 

our attention to describing  the  processes and giving  some  numerical  re- 

sults.     Where  possible,   the details  are  left  to an appendix and  to docu- 

ments given  in the List  of References. 

a.        Stimulated Raman  Scattering 

Figure  4  shows  the  energy  level  and wave-vector conserva- 

tion conditions associated witn stimulated Raman  scattering.     Here,   ui 
Li 

and u) are  the  input  and output photon frequencies,   respectivelv, UJ    and 

m i   are  the  vibration-rotation frequencies,   and UJ      is an excitation 
v ex 

—♦ —♦ 

frequency of arbitrary character; also, k and k are the input and out- 
Li 

put photon wave vectors, while q denotes the wave vector of the material 

excitation. The maximum gain is in the forward direction because of the 

reduction in Doppler width in forward scattering. In Appendix A, a cal- 

culation  is given for resonant Raman  scattering  for a  typical molecule, 

assuming  a  frequency mismatch of  1  cm      in  the  10-|jjn region.     The  gain 
-3 

coefficient  is  found  to be of  the order of  10      cm/MW.     This  is of  the 

same  order as  the  off-resonant  Raman gain  in H    using a  l-|jjn pump.     For 

a frequency mismatch of 0.1 cm      the gain coefficient becomes 10      cm/MW. 

To  tune  into resonance,   Stark and  Zeeman tuning of  the molecules may be 

used as well as  Input-laser-line  selection.     Care  must be taken to avoid 
57,58 

the possibility of power broadening destroying  the  resonance. 
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(.)    NON RESONANT RAMAN 
(b) RESONANT RAMAN 

naivK AND WAVE-VECTOR CONSERVATION 

— * Äää™ ^ SCATTEB'NG 

b        Hyp^r-Raman Scattering 

„     .  the energy-level and wave-vector diagram 
Figure  5  shows  the energy ^ 

tt^rimt      We have  shown the case wi 

*»"" «• abS'"ted a"d a I. . .^. P-» » .—ea ana 
c<)urse,   th. anaaogous procas i„ «hi cro33 

. H      ror the process Imlieatea there ar 
two are emitted. P intermed:ate-state  resonances 

sections  for cases  in which there 

than indicated in the diagram. 

ffain is related to the normal Raman gain 
The hyper-Raman gain is reia 

by a factor of  the form 

g h- 

g ~ U6u) / 

(27) 
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where (i is the additional dipole matrix element and E' the additional 

electric field.  We assume here that there is an additional near-resonance 

öuj cc -responding to the additional photon.  The dipole matrix element 

can take on the value corresponding to a fully allowed transition.  For 

li    =0.2  Debye, *UJ = 1 cm  , and a laser intensity of 10 W/cm , the 

ratio given above approaches unity.  To make this process resonant for 

both input photons will likely require the input photons to be at dif- 

ferent frequencies. 

^•x 

FIGURE 5      ENERGY LEVEL DIAGRAM AND WAVE-VECTOR CONSERVATION 
CONDITIONS FOR RESONANT HYPER-RAMAN SCATTERING 
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e.       ElasticJThir^Or^r^^ 

cveral   sub-processes  that  can be  considerea. 
There  are   several   auu  H 

D      n^j^y^^y Baneftion-TrlgUSt 

■     ^i,o<-  nf   trioling  as  shown in The  simplest case   xs  that of   tripling 

i     -  narticularly  interesting one  because   it 
Figure  S.     This  process  is   a  ^^ ^   ^   ^  as 

would aiio.  the  up-conversion of  an eif cie ^ 

r0 )   to  shorter wavelengths.     For example,   a   10.6    or 9.     t 

' 2 ,  .     ^   S 5-to-3.2-um wavelength  region.     Up- 
can be  directly converted to  the  3.5  to d.     ^ 

^ D„  «f  thp  high  atmospheric 
i       *•« <? B um is  significant because  of  the  nign a 

conversion to  J.o  iim  ia   niB 60 v.     „ 
,        1   in this  region.     Ueda  and  Shimoda       have 

transmittance  at  sea   level  in this  regi 

+     -.htforward and  illuminating discussion of  this process 
»Iven a  very  straightforwara  *iiu .+  ,_ 

fr„m the fir« .i«!.^« -o„ance, » nna tHe ,.tl, * * i- - 
, ■>    for the „haws-matched case to 

„ode peer P3 te first harnonlc pe^r P1 for 

be 

-1 

. 

P3 -M Pl — a: 10        —: 
(28) 

.„ere the peers a.  1. »e.a.atts,  .*, •avdcn.th 1.  in C   and the as 
where  tne  i diffraction length  long. 

,n    m    the  ratio approaches unity.     The  length ot 
For 10 m of  input at  10  um,   the  ratio app 

h1P   (3 m or  less).     Tne  intensity  should not 
the  cell i must be  reasonable   (3 m or  ies 

exceed  the  breakdown value,   so that we  have PMax « ^^Breakdown' 

The  nonlinear coefficient  for  the  above  result has 

TV.«rP  are  a  number of  other 
been calculated  for an anharmonic diatomic.     There 

derations      For example,   there  are molecular  systems 
interesting considerations. 
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FIGURE 6      ENERGY LEVEL DIAGRAM AND WAVE-VECTOR CONSERVATION 
CONDITIONS FOR RESONANT TRIPLING 

with  lar^e electrical  anharmonicities,   such  as that  which occurs  in the 

v2  vibration of DCS,   where  terms  such as ^Vcix2  and aV^3 can make 

important  contributions.     Polyatomics  increase  the  variety of  vibrational 

excitations  that may occur,   including  the  possibility of a Fermi  resonance 

between the  third  level of one normal mode and the  first  level of a second 

infrared active mode.    Perturbations such as Fermi resonance and CorioUs 

coupling are  important aspects of this problem,     vjrifortunately,   little  is 

known about higher  levels  in polyatomic molecules. 
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2)       Elastic  i-our-Wavo  Mixing  Processes 

The  same  order of  nonlinear  susceptibility  that gives 

rise  to the  sum-frequency generation process  can also  lead  to processes  in 

which new frequencies  are  generated as  follows: 

U)   =   (JU      +0) 
L L 

U) (29) 

(JU 
L L 

Hi (30) 

It  is  possible  to make  each  step  in  the  process  resonant  as  shown in 

Figure  7.     As  can be  seen,   the  process  show.i  in Figure  7(b)   is entirely 

analogous  to  sum-frequency generation or  tripling. 
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FIGURE 7      ENERGY-LEVEL DIAGRAMS AND WAVE-VECTOR CONSERVATION 
CONDITIONS FOR ELASTIC FOUR-WAVE MIXING PROCESSES 
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More elaborate schemes can also be considered in which the 

four-wave mixing is used only to bring the long-wavelength Stokes beam to 

an intensity well above noise level and so eliminate the buildup-time prob- 

lems and allow the use of longer cavities and lower power densities. 

3.   Conclusions and Recommendations 

The main conclusions and recommendations pertaining to this 

section are as follows: 

(1) It is anticipated that efficient conversion of 

currently available fixed-frequency sources 

(COg, CO, HF/DF) can be achieved at high power 
le ve 1 s. 

(2) Several processes are applicable for frequency 

conversion of infrared radiation in the wave- 

length region between 1 \m  and 100 \m. 

(3) Multiphoton excitation is feasible, and non- 

linear processes facilitate the performance 

of up-conversion, a process generally not 

available through the technique of single- 

photon optical pumping. 

(4) Detailed spectroscopic data, especially 

pertaining to perturbed features of excited 

vibrational manifolds, are needed, 

(5) The use of gases permits the scaling to large 

volumes and energy throughputs, with material 

damage considerations minimized. 

(6)  An effort of approximately 10 scientists (sup- 

ported) distributed to cover Items 1 through 

5 above is recommended.  The mpport in this 

area has capital intensive chiracteristics. 

0.   Far-Infrared and Submilllmeter Radiation* 

go 
Progress  has been made  in  the  last   few years       in developing new 

* 
This  section was prepared by H.   Fetterman, 
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U..> sy^tcs   in the  f,r-lnfrarod  and subminimoter regions  that operate 

by  op.ioal  pulping.      in  this  region,   .here  photon energies  are   less  than 

kT    it has heen e.tre-eiy dlffieult  to achieve population  Inversion by 

co'ventlonal   teehnlques such as electrical discharges. Optically P»ped 

„olecolar lasers succes.lnlly ell»lnated   this prohlen, by using highly 

.„„„chre-atlc pu.p radiation in close coincidence .1th particular ahserp- 

tlen lines of  the amplifying media.     As a consequence of this ue. technlpue 

it has become possible to extrapolate  from the early results and  to predict 

hlgH-po«r pulsed65 and CW lasers at almost any tar-Infrared .avelength. 

The  initial projections of high po«rs66 and multiplicity of .ave- 

lengths have been realized to some extent.     Current research,   hcever,   is 

predominantly oriented67 to.ard an experimental search effort,  .ith laser 

action usually obtained In complex molecules having virtually unhno.n  level 

structu^s.     This type of effort Is  Inherently self-Umltlng and does not 

generate optimal systems.     To date,   the best duan«. efficiencies In these 

lasers an. over t.o orders of magnitude do.n from Manloy-Ko.e limits. 

1#       state  of Present  Technology 

As  an example of  a  typical  far-infrared optically pumped  laser 
63 

we  consider methyl  fluoride   (C^F).     The energy-lewl diagram       u. 

Figure  9  indicates the origin of  laser emission from a  typical  symmetric 

top molecule.     Nearly coincident with  the   transitions   (v^   J.  K)  = 

1 (0  12.1)  -  (1.12.1)  and  (0.12.2) -   (1,12.2)  of  the  ^  vibrational mode 

of'cH F,   the P(20)  C02  line  of  the  9.6-^ branch selectively depletes 

; the /=  1.2   levels  in the ground  state  and creates rotational excited 

levels  in  the  first vibrational   state.     This molecule  has  a permanent 

dipole moment,   and far-infrared osculation  is obtainable between  the 

inverted levels J = 12 -W = 11  in ^ =  1 an. . = 13 -W = 12  in v3 = 0. 

in many systems,   laser action on the cascades  (1,  J-l.   K) -  (1.  J-2.   K) 

68 
has been achieved. 
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Analysis of the   rate ec,uatlons appl,oprlate (or ^^ ^^ 

PU»ped lasers  shows  that  in addUlon to the  sttnulatod eMlssloh.  v-v 

comstons ooopuo, the   ., and   % „odes and  V-T reUxatton processes  (as 

-n as rotatlonaLrotational and rotattona.-tranatattona:   interaottons, 

Play .»portent  ro^a in the dtstrthntton of enorBy thro^hout  the entire 

vibrational manifold. Those transfer prooeases effeotivoly doternino 

the output powers and efficiency of the far-infr,^ Users,   ,„d merit 

intonaive study,     it is prohahio,   for exampie,   that the addition of buffer 

irases can he used to heip optima the syste.s hy selectively increaain, 
certain relaxation rates. 
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An excellent example  of   this   type  of  optimization  is  demonstraved 

in   the  development  of a  waveguide   laser.70     This  type  of   laser  uses  over- 

sized metallic waveguia.s  for  a  cavity  and  offers  lower  losses and easier 

construction  than  conventional   resonators.     However,   its  real  significance 

becomes  apparent   from the   rate equations.     The   solutions  of  these  equations 

show  that   spatial  diffusion  and  wall   collisions  are   i.portant  relaxation 

mechanisms  for Cooperations.      In  fact,   the  power output   in  the   far   infra- 

red  should  go  as 

-2n 2 
P        a pn        D       L 

FIR pump (35) 

where  n - 1.1 ^ 1.6.  D 1.  the  diameter,   and  L  is  length of  the   „senator 

This  relationship has  been  verified by  Tanaka  et  al..71 who have  obtained 

20-fold  power  increases  over conventional   resonators. 

The   very   selective  excitation of  optical  pumping creates  require- 

ments of  suitable  coincidences.     Several   „cent experiments65 with  the 

optical  pumping of ^ have demonstrated  the   importance of detailed 

molecular  studies   in  satisfying  these  constraints.     Because   of  the excel- 

lent  spectral  measurements of  the  transitions  of  the M    molecule  relative 

to  ^he  frequencies  of  the C02   laser,   it has  been possible  to establish  the 

techniques of  off-resonant pumping and  Stark  tuning.     By saturation of  a 

molecular absorption  far from the   line  center   (off-resonant  pumping),   th» 

constraints of coincidence between molecular absorber and  laser pump .re 

substantially  reduced  in the  limit of  high powers.     In the  regime  of  low- 

po^r CW pump  sources,   coincidence has  been achieved by Stark-tuning  the 

molecular levels  to the pump frequencies.     Both of  these experiments  in- 

dicate  that with appropriate  sFectroScoPic  structure and rate   studies, 

very advanced  laser  systems are  possible.     Further evidence  of  the effi- 

ciency of  this  approach is found  in new experiments  in D 072  and  1,1 

difluoroethylene. 
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Super-radiant  far-infrared  lasers  4 have  been constructed  that 

produce   powers   ranging up  to 0.5 MW.     The mechanism  for generating   this 

intense   radiation  is   not well  understood,   since   several  gases  that  oscil- 

late extremely well   in conventional   cavities,   such as  methanol,   formic 

acid,   and  dimethyl  ether,   exhibit  no  super-radiant  conversion.     Others, 

such  as  CHgF,   NH3,   and  D^,   that  do generate   the   super-radiant mirrorless 

outputs  have  an unexplained temporal  behavior,   with delays of up  to 3  ^s 

from the   pump pulse.      Studies of  these   systems   in  terms  of Dicke75  super- 

radiance  would be   interesting both   from   the  point  of   view of molecular 

kinetics  and   increased power  levels. 

A number of  innovations have  been made  in the engineering of 

these  lasers  to  improve performance  and provide  some  degree of  tunability. 

One  of  these   is  a pumping  scheme  that  transversely couples  the high-power 

pump beam by using  cylindrical mirrors while  still maintaining  an efficient 

far-infrared cavity.     Oscillation in  this   system"76  can be  obtained  far  from 

the  center of the  homogeneously broadened  line  with a  bandwidth demonstrated 

to be  greater  than  455 MHz, 

Concurrent  with the advent of optically pumped lasers  has been 

the development of  room-temperature  Schottky77 diode detectors having NEPs 
— 16 

better than 10 watts Hz.     By  the  use  of  such heterodyne detectors,   new 

applications  for  far-infrared lasers  have been found  in radio astronomy, 

plasma  diagnostics,   and  solid-state  spectroscopy.     m all of  these  areas, 

measurements made  at   far-infrared wavelengths cannot be  obtained by  any 

other means.     The  very  first efforts  in  these  fields  have already  revealed 
78 

new,  unanticipated phenomena. 

Many of  the  techniques and  studies required for optically pumped 

far-Infrared  laser development  aio also valuable   in the  near and middle 

infrared.     Indeed,   a  brief glance at  the major far-infrared  researchers 

shows  that  virtually  all  have also contributed  to optically pumped  systems 
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at  shorter wavelengths.79'80    This undoubtedly  reflects   the  fundamental 

molecular  studies  and  instrumentation common  to both   spectral  regions. 

Literally  hundreds of  new  laser  lines have  now been generated 

between  30  and 2,000  ^m using optical  pumping   to  invert  rotational  popu- 

lation  levels.     The   average   spacing  between the  available   far-infrared 

laser  lines   is  already  on the  order of  a  fraction of a  wavenumber,   with 

peak powers  ranging up  to megawatt  levels.     Our examination reveals  that 

only  these  optically  pumped molecular  lasers have  the  potential  of high 

power,   stability,   and  narrow  linewidth  required by most projected  appli- 

cations,     increased emphasis  along  the  lines  suggested below should produce 

major advances and useful  systems.     In  addition,   compact  systems,   tunable 

lasers,   integrated optical devices,   and even distributed-feedback lasers 

are all  viable  possibilities at  these wavelengths. 

A number of  applications  for military  needs have been suggested 

ranging  from  secure  communications  to high-re.olution  radars.     Most of 

these  suffer  from atmospheric attenuation ana  are  clearly marginal with 

presently available  devices.     Additional  development and propagation 

studies are  required before any military application  such as high-resolution 

radars or secure  communications can be  projected.     Hoover,   significant 

improvements  in the  laser technology  and their detectors are capable of 

dramatically  changing  this.     Immediate  applications  of  this technology  are 

primarily  in basic  research a  1 in plasma   studies.     Therefore,  we  see  a 

well-defined purpose  for  increasing exploratory  research  in  this  field. 

2.       Future  Directions 

For continued progress  in the field,   efforts are  indicated  in 

the following areas: 

(1)     Identification and  optimization of systems for high- 
power operation.     This  should be  a  systematic effort 

56 



(2) 

(3) 

including a study of the kinetics and spectroscopy 

of the oscillating medium.  Other r-lated processes81 

such as stimulated resonant Raman scattering from 

rotational levels should also be Investigated. 

Cavity design stressing use of gratings, appropriate 

dielectrics, and semitransparent meshes.  Systems 

that incorporate the optically pumped cell directly 

into the pump's laser cavity have potentially high 

efficiency.  The mating of a wide-bandwidth capillary 

00-2   laser (CW or TEA) to a waveguide infrared laser 

is a logical need for the designing of compact, 
usable lasers. 

Development of tunable optically pumped molecular 

lasers at useful wavelengths.  Because of the high 

atmospheric absorption it is desirable to have a 

tunable far-Infrared source able to oscillate at 

optimal frequencies for transmission.  Most of the 

suggested techniques for tunable far-infrared lasers 

depend on either the pumping of these molecular 

gases at sufficiently high pressures, or the Stark 

tuning of rotational levels relative to each other. 

The feasibility of both of these techniques has 

recently been verified.  A coordinated study of 

atmospheric propagation of these tunable lasers 

would greatly enhance this effort. 

Conclusions and Recommendations 

The main conclusions and recommendations o: this section are: 

(1) 

(2) 

(3) 

Optically excited  far-infrared molecular  lasers 
are  capable  of generating peak power  levels of 
megawatts with aveicge povers of  several  watts. 
No other  technique presently available  can achieve 
these  levels. 

Potential  developments  include  compacv  systems 
(waveguide  structures,  etc.),   improved detectors, 
and  far-infrured  Integrated optical   structures. 

There  is  a  need  for high-resolution  spectroscopy 
and energy-transfer data for optimizing and 
developing advanced systems. 
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(4)     On account  of  the  absence of  clear major applications, 
an expended effort  in  this area  is  not  indicated.     The 
resources  should  remain at essentially  the current 

level. 

E,       Electronic-Vibrational  Energy Transfer Process 

1.       General 

Electronic energy can be utilized to populate levels that radiate 

in the infrared.  Closely spaced atomic levels, such as those arising from 

fine-structure splittings or highly excited atomic states, can be used 

directly if an appropriate mechanism for excitation can be found.  Systems 

of this nature are discussed in Appendix B.  An alternative use of elec- 

tronic energy in the production of infrared radiation involves the coupling 

of electronic and vibrational motions.  This approach is discussed below. 

The possibility of producing inverted populations on vibrational 

levels by using electronic-to-vibrational energy-transfer collisions is 

suggested by some recent observations showing that the fraction of available 

energy that is deposited in vibrational states can be substantial.  It has 

been known for a long +ime that electronically excited states of atoms are 

rapidly quenched by molecules, and in several cases rate coefficients have 

82 
been measured.   However, the disposition of the energy transferred among 

the vlbrational, rotational, and translatlonal degrees of freedom is not 

generally known and only recently has the vibrational population distribu- 

tion been examined fcr a few cases. 

2.  Current Status 

The cross sections for quenching of the resonance states of a 

number of metal atoms such as the alkalies and Hg have been measured in 

"rhis section was prepared by D. C. Lorents and R. Novick. 
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83-91    There  is considerable  quantitative  disagree- 
several  laboratories. i™re 

u   (3v  ^   jnH  He:(3P«)   quenching  cross 
ment.   but recent measurements  for HgCV   and Hg(  P0; 

actions  are   converging to common values.     These cross  sections are 

listed  ln Table  B.     We  note  that   the^total  cross  sections   for quench.ng 

by  molecule«  range  between  1  and 60 A   , 

Table 6 

MOLECULAR QUENCHING  CROSS  SECTIONS*  OF  gj^^ 

3P -h 
0 

References 

— 85 

-6 
^2   X   10 85,88,90 

8 87 

— 85 

0.7 85,87,88,91 

— 85 

1 fi       2 
Cross sections Blven In units ot  10" '   cm , 

0,  the ndecules that have heen  stodled,   it  Is oniy  (or the 

«*. o. CO that  some ondetstanain, of the distrihnt.on ot the trans- 

te^d enet^ has heen ohtatned.     Stnee the H^'P,,   1. *t*, <— e 

„  the .round state  in coiiision with CO  <see Tahie 6,,   ahout ... eV is 

aeaiiahie to he  disttihuted amen, vih^tionai,   notationai,   and  tnansU- 

tiona, dctees ot  t.edom.     Untontunateiy.   the  „«Ui,  miti.^CO 

.hrationai  .opuiation has heen measuned oniy  tot 3p0 ^'      ^ 

„ot ton the V   state .hich has the  iatse ctoss  section.     «. diatn hu 
*v.^m  v - 2   to  v = 8.     Thus,   on the .   J  „+   vi -  ^  and  ranees  from  v - ^   LO   v 

tion  is peaked at   v - 5  ana  rai« ..„„„-, 
«   hi« 3P    energy  is  converted  to  vibrational 

average only 27% of  the  available    P0 energy 
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excitation.     It would be  very  inlormative  to  have  a good measurement  of 
3 

the CO(v) distribution resulting from Hg( Pj) deactivation.  Earlier 

93-95 
measurements '    of the vibrational distributions resulting from 

* 3  3 
Hg ( P-, P ) transfer to CO, NO, and HF apparently were influenced by 

the effect of V-V transfer at the densities used. 

There have also been several studies of E-V transfer from 

2 84, 96-99 2 
Na( P) to N and CO. For Na(3 P) + N  there is now reasonable 

agreement among the available experiments that the energy is transferred 

mainly to v = 4, 5, and 6, indicating that about 70% of the electronic 

energy is converted to vibrational energy.  In this case the cross section 

= 2 97 
is 41 A at room temperature,   so that rapid transfer is possible.  Since 

2 
Na(3 P) can be easily excited by electrons in a discharge, this offers a 

possible alternative to direct electron pumping of vibrational levels 

that may be advantageous, particularly in cases other than N or CO where 

the molecular vibrations may be only weakly excited by electron collisions. 

In other systems, the measured fractions of the energy delivered 

to vibration in an E-V transfer collision are listed in Table 7.  In these 

cases, only the total energy transferred to vibration has been measured, 

and the initial distribution of vibrational quanta is unknown. 

3 
The last three entries in Table 7 involving reactions of CO(a it) 

3 
and C0(d A) are the first measurements on transfer from molecular elec- 

tronic levels and show remarkably high conversion efficiencies. These 

examples demonstrate that very high E-V conversion efficiencies can be 

realized.  There are undoubtedly many other currently unknown efficient 

E-V transfer reactions, some of which will be either directly or indirectly 

involved in various laser media. 

.Serious theoretical work on the probiam of E-V energy transfer 

]02,103 
is Just beginning.  Early theoretical efforts       attempted to describe 

the process in terms of an impulsive collision, but the prediction of this 
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model are contrary to experimental observations.  Recently, the importance 

of molecular complex f-rmation in collisions of this type has been recog- 

nized,104 and detailed calculations on the .ystem O^D) + N2 - 0(
3P) + N2 

appear to be in much better record with rxperiment.  Fortunately, the 

semiclassical treatment of surface-crossing problems Is progressing 

rapidly and now provides considerable simplification in the computational 

105 
aspects of such problems. 

Table 7 

E-V ENERGY TRANSFER EFFICIENCY AND RATE-CONSTANT DATA 

Reaction 

CTO) 4- N2 

0(1D) + CO 

C0(a3jt) + CO 

C0(d3A) + CO 

C0(d3A) + K„ 

Efficiency 

(%) 

33 

Total Quenching 
Rate Constant 

(cm3/s) 

5 X 10 
-11 

40 3  X   10 

89 10  X   10 

62 12   X   10 

96 3.6   X   10 

To be useful  as a  laser pump,   not Only must  the E-V process be 

efficient,   but we  must have  an efficient  scheme  of  producing  the elec- 

tronic excitation.     Low-pressure Na and Hg  resonance  lamps are well 

known  to be very efficient,   although high-power applications of  such 

sources do not appear  feasible.     Species  such as C0(a «)   and N^A E) 

can be produced by energy-transfer processes  in e-beam pumped rare gases 

with efficiencies up   to 25%,   which,  when combined with  the 85% quantum 

efflcienty  in the  case  of CO,   weald yield 20% overall efficiency.     Thus, 
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.„U  fchnl,«  .oens   to .e  a  viaMe  .U-mativ.  »tKod o£  pu^pin.  vi.-a- 

«ona,   I.V...  th..  -orus   furtter e^ination.     ^e   .mil    P   l.«l. en 

* .fnci..tl, pu.pea in a ■.iscKar.e,  and since  tne effective  t-anstec 

fro. tneae ieveis to H, and CO is de-msfated,   this tech„idue .ay be 

promising. 

Although We  have  discussed the E-V process  in terms  of CO and 

*   information    it  is  undoubtedly  applicable  to 
N       for which we  have most  information, 

L, diate-ic or tciat^ic „eiecuies. In fact, it „a, be pessinle to 

ese »is P»pin. teCnicue ier .eieceian systems such as ON, «. HC, 

CS  .  and otHers.     Appanentiy thece Haa net ..« any study of .-V fans- 
2 

fer to  triatomics. 

U sheuid also be  noted that the E-V process discussed here is 

essentially the reverse ol  the V-I conversion discussed in the  «74 

su^r Study1   (Section »I-*-.).    The physical .echanis.s of these t.o 

processes a« closely  related so that study of ooe of these  processes 

provides sone info^atio,, about the other,   and therefore any  studies of 

these  issues should he coordinated.     In addition,   it should he noted 

that E-V an,, V-E processes play an i.portant  role  in .any che.ical and 

discharge  laser  systems. 

3. Conclusions and Recommendations 

„-p +viHo «ortion are the following: The basic findings of this section aie 

(1) 

(2) 

The  initial vlbrational-state distribvtions  arising 
from E-V reactions and the efficiency  of  such 
transfer  should be measured for several  promising 
Ztel     These are  critical data  needed to evaluate 

laser possibilities. 

A  theoretical model  for E-V transfer has  been 
developed recently and applied  successfully  to 
the  case  of O^D)  + N2  transfer.     These calcula- 
tions  require  knowledge  of  the excited  states 
aid couplings characteristic  of excited triatomic 

»■^^■^..•^■^.■'■■■W—^l—ry-» '.rm.i. , „.v---«*^.—«-.-^B^ 



surfaces.  Since triatümlc surfaces were a topic 

recommended in the 1974 Summer Study, this area 

should be included under that recommendation. 

(3)  In summary, we believe that there is a reasonable 

probability that E-V trensfer processes may play 

a central role in the development of certain new 

IR lasers.  We recommend that a modest efxort to 

implement Suggestions 1 and 2 above be undertaken 

A small effort at a maximum of two scientists 

appears adequate, and should be added to the 

recommendations contained in Sections IV-B and 
IV-G of the 1974 Summer Study.1 

F-  Electron Excitation of MolPf>m«c* 

If  General 

Collisions of electrons with molecules can lead to a variety 

of product configurations including rotational, vibrational. or electronic 

excitation, dissociation, attachment, and ionizatlon.  m most cases more 

than one degree of freedom is simultaneous excited.  In elation to 

laser media, electron scattering processes play at least two very impor- 

tant roles.  Firstly, electron production and loss mechanisms (e.g., 

ionizatlon. recombination, and attachment) establish ehe electron density 

ne and velocity distribution f(v) for specified conditions of excitation 

It follows, conversely, that a knowledge of the colllsional cross sections 

will enable the control and engineering of the desired distribution function 

Secondly, the electrons can couple directly to produce the population in- 

version of the gain medium.  The best known examples are the CO and CO 

EDL systems.  The power. P. coupled into the upper state of the'laser 

medium is given by the expression 

P = or J n f (v)Q(v)d v 
e (36) 

This section was prepared by C. K. Rhodes, 
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-"»» QW   is   th.  cr„ss  s<sctlor  of 

—e,„re,   lf  w  wlsh -   —ant   lM1..tlc  aBpiitude_ 

Eq     n«^ optimize  the ouanf^,, 

b<«h ".  and f(v)  as wll as ^ '- ««..... aeteral„lng 

"">» upper laser level """^"""«(v,.  „hlch 

8. 

Extensive  data     
5107(1o8 ^^  ^"^  the excitation of a^1^      ri 

«re  available  „^  ..,     .. mS and dlatomics 

Consideral 

**  l-ve  bee„  Kco.,.mi.  lnte 
l0n- ^"»»O».   these 

•« .v.U.bl. and are th " "^       ^ 

aata   havp   h«««   _.. ""• 

»• «.««Pt..n 01 lasar devlce   ^^ "lth «» BoXt«.« eq„atlon ln 

— ~ a„d demonstrate ^^ -"-^ adequate for the ln 

relatively  mimnl* * 0f exlsting data  on   «, y  slmPle  systems  is not  eQT,, B    ata on  ^ese 

^ 'S «».  My „ suoh an ^^^^ "" «^ ause.     Polar ^^ 

Data  on triatomics and  1 

-t«sting  ,lai   ,„ descr  bi
g" 8

h
yStemS   f0™ "   '-ge   sharply 

— P«Se„ted above.     ,„ th   SCr'b1"8 ^ ^a"o„ for atoms ^ dia_ 
*a  tnis case   them  *■*„ 

"«easurements.   a  condition parallen 
m0re m0leCUles ^  fewer 

^  -  noted  in  the   j ^ ^^  ^^  " ^^  — 
0" C02   ror momentum transfer  i12>n3     ^   lnStance.   although measurements 

tion  115 ,^     ' vlbratlonal exc^tQ^-^        114 tion' and attachment116 arp ,, -1 ^citation. lonl2a_ 
dre  avallahio     -n, 

— ^ aP„e„t,   e,cept   .„ a   ^^^ f;; 
S —— data  ara 

Polyatomic  Systems# isolated  cases,   for other 

Molecular stability of nr,     . 

— - «. and V .. .hlch ^ ^^ -";  '■ -n by the com. 
aas a   far e-reatf.^ ^J 

greater dissociative 
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113,116,117 
attachmert  rate under the  plasma  conditions of  interest.     These 

rates  may  be   the  deuermining  paran.aters   in establishing  gas-flow  conditions 

and could  be  a  major  factor   in the chemistry  of  any  system utilizing  an 

isotopic molecule  of  normally  low abundance. 

General  processes   involving electrons  that  affect  the  molecular 

lifetime  are  dissociative  attachment 

AB + e 

and direct collisional dissociation 

A +  B (37) 

AB+e    -A+B+e (38) 

The amplitudes for these reactions are sensitive to the electron energy, 

and often depend strongly on level of vibrational excitation of the system 

AB. Measurements of vibrational ground-state values may not apply under 

the plasma conditions of practical interest. The ability to control the 

electron distribution function f(v) by collisional ans can, therefore, 

exert  considerable  influence on the importance of   these  processes. 

3.       Conclusions and Recommendations 

(1) Canonical electron-scattering measurements 
emphasizing  vlbrationally  inelastic channels 
should be extended to polyatomics   (stressing 
triatomics)   and polar diatomics. 

(2) An examination of polyatomic  dissociative  modes 
should be made  because  they  affect molecular 
stability and practical  usefulness  (e.g., 
isotopic  laser  systems). 

(3) Although  these  data are  Important  in laser 
design,   the current data  base  does  not  seem 
critically  lacking.     It  is  recommended  that 
the activity  in  this area  be  supported  to 
maintain the  present  national  level.     No 
expansion of effort  is  indicated. 
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Appendix A 

VIBRATIONAL RESONANCE RAMAN SCATTERING* 

Optical pumping of molecules can be an efficient technique for 

generating new infrared laser frequencies.  Laser action on vibrational 

transitions has been demonstrated in several diatomic and triatomic 

molecules either by direct optical excitation or by resonant transfer 

of vibrational energy from another molecular species that has a better 

frequency match with the pump laser.  For polyatomic molecules it is 

generally more difficult to obtain population inversion because of the 

rapid cross-relaxation between the vibrational modes.  Furthermore, the 

laser threshold is often increased due to a thermal population of the 

lower laser level.  We will therefore consider resonance Raman scatter- 

ing as an alternative method for infrared frequency generation.  The 

efficiency of this process is independent of the relaxation time of the 

intermediate state, and excited-state absorption is negligible since the 

Raman output frequency does not coincide with the absorption frequency. 

We consider the three-level system shown in Figure 4(b).  Here o, 

v, and v represent different vlbrational levels and uu and to are, re- 
L 

spectively,   the  pump and  Stoket. Raman  frequency.     The general  expression 

for the  transition p ■obability for Raman  scattering  is given by 

w     -2i- 
fi        S 

(fl^ ImHmlH' | 
(E    - E   ) 

i m 
fi(E    - E   ) 

f i 
(A-l) 

This  appendix was prepared by H.   Kildal, 
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where i and f refer, respectively, to the Initial and final state.  Using 

this expression we can calculate the Raman gain coefficient, which, in 

mks units, is given by 

2 

ram 
(2Tt)3/      1 -   \   ÜÜI 

^4jte   he L 

(vlnjv'Xv'lu   |o)       (V|M   Iv'Xv'lulo) 

tt      +   CD       / 
L ov V  o 

(N0-NV)P. 
F 

(A-2) 

where   l^ is  the  pump  intensity,   ^ and  \j. are   the  projections  of  the 

dipole  operator  in  the  direction of  the  pump and Stokes  field,   respec- 

tively,   and Nx  is  the  number of molecules per unit  volume  in   the  x state, 

Also,   PF = 2/{«^Aü)  where ^JU  is  the  linewidth.     When U)    is  in close 

resonance with  the  o v    transition,   the  second nonresonant   term  in the 

gain expression can be  neglected and we  obtain: 

ram 
(2 .3/    1       \2    M 

Ure  bej   ,,     ; 
V       o    /   (6cu) vv       L v o 

/N -N \- 
V   O       V/ Tt ̂ Atu 

(A-3) 

where  S» - a»    + a»    , .     The  Raman gain expression can also be   rewritten L ov as 

/ /        I 
ov       vv L 

g = a  ^ a      — 
ram off    on tun AuuN 

L       v 
(A-4) 

where 

ov 
a =  (2 
off <HT>  , L v o 

N (A-5> 

is  the off-center absorption coefficient  for  the 0 - v'   transition and 

vv 
i 
on 

(1        \      ÜU 

4rtt  tic I    £ii} (*> vv (A-6) 
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is the on-center absorption coefficient for the v - v transition.  In 

Eq. (A-4) it has been assumed for simplicity that No » N . 

For a numerical example we choose the following values: 

<M )  / = 0.03 D 
L ov 

2 2 
(p.) i    = 0,0006 D 

vv 

v /c = 1000 cm 
L 

v/c = 630 cm 

6v = 30 GHz 

Av/p = 10 MHz/torr 

22   -3    -l 
N/p = 3,54 X 10  f(m  torr  ) 

where  f  is a Bolt^mann factor.     By  insertion  into Eqs,   (A-4),   (A-5),   and 

(A-6)  we obtain 

(A~7) -8 ,   -1       v g = 5  X  10     I.   f   (W       cm) 
ram L    o 

ov -5     2, -2       -1. 
a -  7  X  10       p     f   (torr       cm     ) 
off o 

(A-8) 

vv —1 
a       = 32  f   (cm    ) 

on v 
(A-9) 

When  the  Unewidth  is  determined ^y pressure-broadening,   the  Raman gain 

is pressure-independent.     However,   i - ore'er to reduce  the direct  absorp- 

tion  Into  the   v  state,   the pressure  should  not be higher than to make 

the  pressure width  comparable  to  the Doppler width,  which corresponds 

to a  pressure  of approximately  10  torr.     Assuming  the Boltzmann factor 
8 2 

f    = O.O'l  and   I     -  10    W/cm  ,   the  calculated gain is 
c L 

g = 0.1 cm 
ram 

-1 
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a CaVlty- ^ Ra°"" „hich Bh„ulä b. -»icie« for _  M ^ 

.u  ohcorotlon between the v ana 
gain must overcome the absorpt! 

fh« ibsorpUon constant is 
Raman frequency the absorp 

2 
w'    vv (Au/2) . 

aoff = aon  ^ 

or _7     "I 
a
vv = 9 X 10  fv cm 
off 

4+-d state absorption is negligible. 
R ,  ^0 GHz so that the excited-state 

for 5V ■ 30 unz, o _,J*» j +v,  +hp  direct  oft- 

■• ■• •--■■- - rr::,:;::::::.- - ■•■- i   rMimninc  technique,     ^^B 

—"■ OPtlCal P    P rtan the  „onraautive a.acUvatio^ ti- %- 
.  pul5e  length ^  longer  than _  ^ ^^ „, 
ofthev'state,-  find 1^ * nu^rotexel 

« -   a
OV       IT, /^ N

v'   ' aoff     L v L 

(A-10) 

•  „ at the line center 

substituting this into the expression for the ga. g 

of the v ^ v transition we obtain 

g = a on \ v  v   / 

vv 
gram  v    on 

(A-10 

..«aal  the v'   state   (^V~2)'  the gain '^ 

^^.r  Hs  aooroximately equax 
o£l.re9on.nne optmal pn.plng        • P ^ ^^ oc. 

„cept  that t,. ahaorptton loaaes are     ^ ^ 
..       .»nter      Therefore,  with any  slgnu 

curs at  the  line  center. ^^ galn< 
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Power broadening   of  the  o -  v' transition has been neglected  in the 

above example.     It  can be  included  in  the expressions  for  the  Raman gain 

and absorption  in Eqs.    (A-3)   and   (A-5)   by  replacing  the   (6a,)2 with 

(ölü)     +   GW2)2 where ^  is  the  linewidth due  to power broadening 

given by 

Aw    = - 
P      * 

I   A<üT    / 
L       v 

e  c 
o L ov (A-12) 

With  numerical  values from the previous example,  Av    = AO) /2* = 48 GHz. 

Since A.p/2   is  slightly  smaller  than 6au,   power broadening^s  not  signl- 

licant  to  our  results.     However,   power broadening would  limit   the  gain 

if  the  pump User was  brought  closer  Into  resonance with  the  o 

transition. 
v 

In the  above example  the magnitude  of the  matrix element for the 

o - v'transition  is  typical  for a  direct  vibrational   transition,  while 

the  smaller  v - v'   matrix element corresponds   to a cross-over transition 

between  two different vlbrational modes.     It  is possible,  however,   to 

consider a  system where  the o -. v'   transition has  the  smallest matrix 

element.     For example,   o -* v'   may be  the  first overtone  of  the  o - v' 

vibrational   transition.     m this case  the  pump laser can be  brought 

closer to resonance  such that  a  ten-to-one-hundred-fold  increase  In the 

Raman gain coefficient  should be  possible. 

73 

i teMi - 



Appendix B 

ELECTRONIC-STATE INFRARED LASERS 

7 

aAttMB^- 



Appendix B 

ELECTRONIC-STATE   INFRARED L  1ERS* 

While   it   is  customary  to consider  low-lying  vibrational  and  rotational 

states  for infrared  laser action,   it  is  important  to  recognize  that   there 

are  a  number of  important  examples of  infrared  lasers  that  operate  between 

close-lying,   highly excited electronic  states.     Although  the quantum ef- 

ficiency of   such  devices mav  be high,   the  energy efficiency  is  necessarily 

low.     A possible  solution to  this problem would exist  if one could  find  a 

vibrational  system  that   is efficiently pumped  to a  high energy  level  by an 

electronically excited  system.     This  aspect   is  considered  in Section  III-E. 

Vibrational-vibrational  transfer collisions would rapidly  transfer  the 

excess population to a  low vibrational  state with negligible  loss of energy, 

and hopefully  laser action would occur via  a  low-lying  transition. 

An  important pcsslbility for these excited-state  lasers  that does  not 

seem  to have  been exploited  is Stark tuning.     Since  the  state  separations 

are  small and  the  state  density high,   the  Stark effect will  be  particularly 

large even  in atoms,   and  significant  tuning can be obtained with  fields of 

the order of  only a  few tens of  kllovolts per centimeter.118  In this  sec- 

tion we will  briefly review a  number of existing   infrared  laser systems 

that utilize highly excited  systems. 

Historically,   one  of  the  first  proposals  for laser action involved 

electronic  transitions between close-lying  alkali  states with high elec- 

tronic excitation.     As  an example of  this,  we  note  the helium-pumped 

This appendix was prepared by R.   Novick. 
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2
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square of the pumping power, as expected, for a two-photon excitation 

process.  The excitation Involves a two-photon transition from the V 
g 

ground state of the alkali dimer to a dissociating state that produces 

the upper level of the atomic system.  Virtual intermediate transitions 

are made to the  ^ dimer band.  An important part of the experimental 

work involved the development of heat-pipe cells for creating a large 

dimer concentration.  This technology may have other important applica- 

tions in laser research and developments. 

High pulse powers of 1.315 m  have been obtained from iodine atoms 
2 

excited to the P^ state by photolysis of RI molecules where R can be 

CH3' CF3' C3F7•   and similar species. '   The prototype of this reaction 

is the photolysis of ^ in which it is well known that one atom comes 

out in the excited 2P   state and the other in the 2P0/n  ground state. */* 3/2 
The photolysis  of  RI  proceeds by  the electronic excitation of RI  to an 

autodi   >ociating  state   that  leaves  the  I   in the excited 2p    r   level. 

Peak powers of   1.2 GW ha  a  been achieved with  this  system.     Presumably, 

similar  systems  can be   found  for other  halogen atoms,   but  the 2P 
2 1/2 

P3/2   iaSer wavwl«öi^ would  increase  rapidly with decreasing halogen 

weight.     In the  case  of bromine,   the  laser wavelength would be 2.72  urn, 

and  the  pump wavelength would be  about  2200 A,   an overall   situation  less 

favorable  t  an  that   for  iodine.     Since  the  iodine  system requires  an 

ultraviolet   (2700 A)   pump and  yields  a   l.S-^m  laser beam,   the  energy 

efficiency  is  not high,   but as noted above,   the peak power  is  very high 

and  an energy of  65 J per pulse has been achieved.     This  system  is  scal- 

able  to  very high pulse energies ano  is one of  the cadidate  systems  for 

laser fusion. 

The examples given above  indicate  the  diversity of  systems  in which 

Infrared  laser action occurs between close-lyinf,   highly excited  states. 

Many  other examples can be  found  in  the  literature.     A possible candidate 

for  inclusion  in  this  list  is  the exploding-wire   laser  in which  a metallic 
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123 
wire   is exploded   in an  oxidizing  atmosphere. Strong   infrared   laser 

action  is  found  in a   large  number of  such  systems.     It  is  not  known with 

certainty whether  the   laser   levels   involve   the metal  atoms,   the  product 

oxide  molecule,   or molecular  ions.      In  the   case  of  the  aluminum  fluoride 

exploding-wire   laser,   Rice and Jensen believe   that  the  laser action  in 

the   spectral   region from  12.5   to  13.5  \m occurs  between  vibrational  and 
123 

rotational   levels   in  the ground electronic  state  of A1F. A number of 
124 

other exploding-wire   lasers have been reported by  Rice and Beattie. 

Clearly  a   large  BfliOUQt  of work must be  done   to understand and  optimize 

these  exotic   systems. 

80 



Appendix C 

SUMMARY OF SCHEDULED PRESENTATIONS 

81 

I 
I 



Appendix C 

SUMMARY OF SCHEDULED PRESENTATIONS 

A summary of th. scheduled presentations heard at the 1975 JASON 

Winter Infrared Laser r-  .action Hate Study is given below. 

Participant (Affiliation) 

T. Y. Chang (BTL) 

H. Fetterman (MIT/LL) 

T. Deutsch (MIT/LL) 

R. Prassad (AFCRL) 
C. Leiby (AFCRL) 

R. Airey (NRL) 

R. Zare (Columbia) 

D. Brabson (AFWL) 

Topic 

Far Infrared on Optically 
Pumped Lasers 

Off-Resonant Optical 
Excitation and Stark Tuning 

Optically Excited Energy 
Transfer Systems 

Plasma Generated Far Infrared 
Radiation 

Laser Chemistry 

Laser Chemistry 

AFWL Laser Program 

Date 

1/V75 

1/7/75 

1/7/75 

1/7/75 

1/7/75 

1/7/75 

1/9/75 

Other Visitors  (Affiliation) 

G. Flynn (Columbia) 

A. Szoke (JILA) 

Date 

1/7,8/75 

1/7/75 

No explicit  presentation given. 
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ATTN:     AHSMI-RNS 

Commanding Officer 
U.S.  Array Mobility  Equipment  R&D Center 

Ft.   Belvolr,   VA     22060 

ATTN:      SMEFB-MW 

Commander 
Rock  Island Arsenal 
Rock  Island,   IL    61201 

ATTN:     SARRI-LR 

Commander 
U.S.  Army Armament Command 

Rock  Island,   IL    61201 

ATTN:     AMSAK-RDT 

Director 
Ballistic Missile Defense Advanced 

Technology Center 

P.O. Box 1500 
Huntsville, AL 35807 

ATTN:  ATC-O, Mr. W, 0. Davies 

Commander 
USA Test & Evaluation Command 

berdeen Proving Ground, MD   ■'-■ A 

ATTN : AMSTE-ME   (Ur.   N.   Pent/> 

Commander 
U.S. Army Materiel Command 

5001 Eisenhower Ave. 

Alexandria, VA 22304 
ATTN:  AMCRD-T (Mr. Paul Chernolf) 

(Dr. David Stefanye) 

(Dr. B. Zarwyn) 

Director 
U.S.   Army Ballistic Research Laborator; 

Aberdeen Proving Ground,  MD    21',nc. 

ATTN:     Dr.   Robert Eichelben^r 

Mr.   Frank Allen 
Dr.   E.  C.   Alcarer. 

Commandant 
U.S    Army Air üetense Schoi.- 

Ft.   Bliss,   TX     79916 
ATTN:    Air Defense Agency 
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Commandant 

U.S.  Army Air Defense School 
Ft.   Bliss,   TX     79916 

ATTN:     ATSA-CTD-MS   (Cpt.   Poage) 

llept.   of   the Navy 

Deputy Chief of Naval  Materiel  (Dev) 
Washington,   D.   C.     20360 

ATTN:     Mr.   R.   Gaylord   (MAT 032B) 

Commander 

U.S.  Army  Training  and Doctrine Command 
Ft.   Monroe,   VA     23651 

ATTN:     ATCD-CF 

Commander 

USA  Frankford Arsenal 

Bldg.   201-3 

Bridge & Tacony  Streets 
Philadelphia,   PA     19137 

ATTN:     Mr.  M.   Elnick  (SARFA-FCD) 

Commander 

U.S.   Army Electronics Command 
Ft.   Monmouth,   NJ     07703 

ATTN:     AMSEL-CT-L  (Dr.   R.   G.   Buser) 

Commander 

U.S. Army Combined Arms Combat 

Developments Activity 

Fort Leavenworth, KS 66027 

Deputy Cummanlant for Combat & Training 

Development i 

L.^ Army Ordnunce Center and School 

Aberdetn Proving Ground, MD  21005 

ATTN:  ATSL-CTD-MS-R  (Dr. Welch) 

Dept. of the Navy 

Office of the Chief of Naval Operations 

Washington, D. C.  20350 

ATTN;  CDR L. E. Pellock, USN (OP-982F3) 

Mr. L. E. Triggs (OP-35E) 

Office of Naval Research 

'195 Summer Street 

Boston, MASS 02110 

HTN;  Dr. Fred Quelle 

0 'fice of Naval Research 

*')0  N. Quinoy Street 
A 'ington, VA  22217 

AT •:•  Dr. W. J.   Condell (421) 

Naval Missile Center 

Point Mugu, CA  93042 

ATTN:  Gary Gibbs (Code 5352) 

Commander, Naval Sea Systems Command 

Dept. of the Navy 

Washington, D. C.  20362 

ATTN:  Capt. J. G. Wilson, PMS-405 

Superintendent 

Naval Postgraduate School 

Monterey, CA  93940 

ATTN:  Library (Code 2124) 

U.S. Naval Weapons Center 

China Lake, CA  93555 

ATTN:  Mr. E. B. Niccum (Code 5114) 

Naval Research Laboratory 

Washington, D 

ATTN:  Dr. J. 

Dr. P 1. 
Mr, D. J 
Dr. .). L 
Dr. •J . T 
Dr, H. F 
Mr. 1!. w 

Dr. L. R 
Dr. J. K 

C.  20375 

M. MacCallum (Code 5503) E0TP0 

Livingston (Code 5560) 

J. McLaughlin (Code 5560) 

Walsh (Code 5503) 

Schriempf (Code 6410) 

Wenzel (Code 6410) 

Rice (Code 636)) 

He'.tche (Code 6310) 

Hancock (Code 6110) 

Naval Ordnance Laboratory 

White Oak 

Silver Spring, MD  20910 

ATTN:  Dr. Leon H, Schindel (Code 310) 

Dr. Leroy Harris (Code 313) 

Mr. K. Enkenhus (Code 034) 

Mr. J. Wise (Code 047) 

Hq. AFSCARUV 

Andrews AFB, D.C.  20334 

ATTN:  Major James M. Walton 

- 

Hq.   USAF(RDPS) 
Washington,   D.   C.     20330 

ATTN:     LTC A.   J.   Chiota 
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Hq. AFSCCDLCAW) 

Andrews AFB 

WashinKlon, D. C.  20331 

ATTN:  Maj . H. Axelrod 

Air Force Weapons Laboratory 

Kirtland Al-B, NH  87117 

ATTN:  Col. Donald I,. Lamberson (AH) 

Col. John C. Scholtz (PC) 

Col. Russell K. Parsons (LR) 

Lt. Col. John C. Rich (AL) 

Hq. aiMSO 

P.O. Box 92950, Worldway Postal Center 

Los Angeles, CA 90009 

ATTN:  Capt. Dorian A. DaMllO (XRTD) 
IND 

Capt.   Thomas J.   Ernst  (DYD) 

AF Avionics  Laboratory   (TEO) 
Wright-Patterson AFB,   OH 45433 
ATTN:     Mr.   K.   Hutchinson 

AF Materials  Laboratory 
Wright-Patterson AFB,  OH     45433 
ATTN:     Maj.   Paul  Elder  (LPJ) 

Dr.  William  Frederick  (LPO) 

HQ Foreign Technology Division 
Wright-Patterson AFB,  OH     45433 
ATTN;     Mr.   R.   W.   Buxton   (ETEO) 

AF Aero Propulsion Laboratory 

Wright-Patterson AFB, OH  45433 

ATTN:  Ma,). George Uhlig (AFAPL/NA) 

RADC (OCSE/Mr. R. Urts) 

Griff iss AFB, NY  13441 

Hq. Electronics Systems Division (ESD) 

Hanscom AFB,   MA  01731 

ATTN:  Capt. Allen R. Tobin XRE) 

AF Rocket Propulsion Laboratory 

Edwards AFB, CA  93523 

ATTN:  B. H. Bornhorst (LKCG) 

CINCSAC/INEP 

Offutt Am,   NE  68113 

USAF/INAKA 

Washington, D. C.  20330 

ATTN:  LTC W. M, Truesdell 

Defense Intelligence Agency 

Washington, D. C.  20301 

ATTN:  Mr, Seymour Berler (DT4A) 

Central Intelligence Agency 

Washington, I). C,  20505 

ATTN:  Mr. Julian C. Nail (0SI/PSTD) 

Mr. William Silvey (0WI/DSD) 

Analytic Services, Inc. 

5613 Leesburg Pike 

Falls Church, VA  22041 

ATTN:  Dr. John Davis 

Aerospace Corp, 

P.O. Box 92957 

Los Angeles, CA  90009 

ATTN;  Dr. G. P. Millburn 

Dr. Walter R. Warren, Jr. 

Dr. Elliott L. Katz 

Mr. A. Colin Stancliffe 

AiResearch Manufacturing Company 

2525 West 190th Street 

Torrance, CA  90503 

ATTN:  Dept. 93-6 

Atlantic Research Corporation 

Shirley Highway at Edsall Road 

Alexandria, VA  22314 

ATTN:  Mr. Robert Naismith 

AVCO - Everett Research Laboratory 

2385 Revere Beach Parkway 

Everett, MA  02149 

ATTN:  Dr. George Sutton 

Dr. Jack Dougherty 

Battelle Columbus Laboratories 
505 King Avenue 

Columbus, OH 43201 

ATTN;  Mr. Fred Tietzel (STOIAC) 

TACTEC 

Bell Aerospace Company 

Buffalo, N.V.  14240 

ATTN;  Dr. Wayne C. Solomon 

Boeing Company 

P.O. Box 3999 

Seattle, WA 98124 

ATTN;  Mr. M. I. Gamble 

ORGN '2-5006, MS 8C-88 
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ESL Ine, 

495 Java Drive 

Sunnyvale, CA 94086 

ATTN:  Arthur Einhorn 

Electro-Optical Systems 

300 N. Halstead 

Pasadena, CA 91107 

ATTN:  Dr. Andrew Jensen 

General Electric Company 

P.O. Box 8555 

Philadelphia,   PA     19101 
ATTN;     Mr.  W.   J.   East 

Dr. C. E. Anderson 

Dr. R. R. Sigismonti 

General Electric Company 

100 Plastics Avome 

Pittsfield, MA 01201 

ATTN:  Mr. D. G. Harrington 

Rm 1044 

General Research Corporation 

P.O. Box 3587 

Santa Barbara, CA  93105 

ATTN:  Dr. R. Holbrook 

General Research Corporation 

1501 Wilson Blvd., Suite 70:, 

Arlington, VA  22209 

ATTN:  Dr. Giles F. Crlmi 

Hercules, Inc. 

Industrial Systems Department 

910 Market Street 

Wilmington, DE  19899 

ATTN:  Dr. R. S. Voris 

Hercules, Inc. 

P.O. Box 210 

Cumberland, MD 21502 

ATTN;  Dr. Ralph F. Preckel 

Hughes Research Laboratories 

3011 Malibu Canyon Road 

Malibu, CA  90265 

ATTN:  Dr. D. Forster 

Dr. Arthur N. Chester 

Dr. Viktcr Evtuhov 

Dr. Gerald S. Pious 

Hughes Aircraft Company 

Centinela and Teale Streets 

Culver City, CA  90230 

ATTN:  Dr. Eugene Peressini (Bldg. 6, 

MS/E-125) 

Dr. John Fitts (MS 5B-138) 

Dr. J. A. Alcalay (Bldg. 6, MS E182) 

Hughes Aircraft Company 

P.O. Box 3310 

Fullerton, CA  90230 

ATTN:  Dr. William Yates 

Institute for Defense Analyses 

400 Army-Wavy Drive 

Arlingtt-n, VA  22202 

ATTN-  Dr. Alvin Schnitzler 

Johns Hopkins University 

Applied Physics Laboratory 

8621 Ga. Avenue 

Silver Spring, MD 20910 

ATTN:  Dr. Albert M. Stone 

Dr. R. E. Gorozdos 

Lawrence  Livermore Laboratory 
P.O. Box  808 

Livermore CA     94550 
ATTN Dr R.   E.   Batzel,   L-l 

Dr. J.   Emmett,   L-212 
Dr. A.   Haussmann,   L-212 
Dr. W.   Krupe,   L-212 
Dr. Edward Teller,  L-0 
Dr. R.   E.   Kidder 
Dr. J.   Fleck 
Dr. Norris Keeler,   L-0 
Dr.   Lowell Wood,   L-0 

Los Alamos Scientific  Laboratory 
P.O.  Box  1663 
Los Alamos, New Mexico 87544 

ATTN;  Dr. Harold M. Agnew 

Dr. K. Boyer 

Dr. Robert Carman 

Dr. Paul Robinson 

Dr. Keith Boyer (MS-530) 

Dr. O. P. Judd (L-2) 

Dr. W. J. David (566) 

Dr. Herbert Flicker (MS-530) 

Lulejlan and Associates, Inc. 

Del Amo Financial Center, Suite 500 

21515 Hawthorne Blvd. 

Torrence, CA 90503 
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ATTN:  Mr. Peter H. Rose 
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P. 0. Box 179 
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ATTN:  Dr. S. Edelberg 

C. Marquet 

Freedman 

P. Dinneen 

H. Rediker 

Dr. L, 

Dr. J. 

Dr. 0. 

Dr. R. 

McDonnell Douglass Astronautics Co. 
5301 Bolsa Ave. 

Huntington Beach, CA 92647 

ATTN:  Mr. P. L. Klevatt 

Dept. A3-360-B3GO, M/S 14-1 

McDonnell Douglas Research Laboratory 
Dept. 220, Box 516 

St. Louis, MO 631R6 

ATTN:  Dr. D. P. Ames 

MITRE Corp. 

P.O. Box 208 

Bedford, MA  01730 

ATTN:  Mr. A. C. Cron 

Dr. Anthony N, Pi rri 

Physical Sciences Inc. 

18 Lakeside Office Park 

Wakefield, MA 01880 

Northrop Corporation 

Research & Technology f^nter 
3401 West Broadway 

Hawthorne, CA  90250 

ATTN: Dr. Gerard Hasserjlan 

Dr. M. M. Mann 

RAND Corp, 

1700 Main Street 

Santa Monica, CA  90106 

ATTN:  Dr. Claude R. Culp 

Raytheon Co. 

28 Seyon Street 

Waltham. MA  02154 

ATTN-  Dr. Frank A. Horrigan (Res. Div.) 

Kaytheon Co. 

Bedford Laboratories 

Missile Systems Division 
Bedford, MA  01730 

ATTN:  Dr. H. A. Mehlhorn 

Optical Systems Dept. 
M/S S4-55 

Raytheon Co. 

Research Division 

2H Seyon Street 

Waltham, MA  02154 

ATTN:  Dr. Hermann Statz 

Radio Corporation of America 

Missile and Surface Radar Division 
Morrestown, NJ 08057 

ATTN:  Mr. J. J. Mayman, Systems Project 

Riverside Research Institute 
80 West End Street 

New York,  NY  10023 

ATTN:  Dr. L. H. O'Neill 

Dr. John Bose 

HPEGL Library 

R&D Associates, Inc. 

P.O. Box 9695 

Marina Del Rey, CA 90291 

ATTN:  Dr. R. E. LeLevier 

Dr. R. Hundley 

Rockwell International Corp. 

3370 Miraloma Avenue 

Anaheim, CA  92803 

ATTN:  R. E. Hovda, (DB29) 

Dr. J. Winocur (D/528, HA14) 

Rockwell International Corp. 

Rocketdyne Division 

Albuquerque, District Office 

3636 Menaul Blvd., NE, Suite 211 

Albuquerque, MM 87110 

ATTN:  Mr. C. K. Kraus, Manager 
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Mr. W. F. List 

ßoaparch Laboratory Westinghouse Researcn 
BeulahRd., Churchill Boro. 

Pittsburgh, PA  15235 

ATTN:  Dr. E. P. «i^el 
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